Evaluating the use of alternative proteins in feed on growth and nutrient utilization of Australian catfish, Tandanus tandanus with emphasis on environmental contamination by Huynh, H
   i 
 
 
 
 
Evaluating the use of alternative proteins in feed on growth and 
nutrient utilization of Australian catfish, Tandanus tandanus  
with emphasis on environmental contamination 
 
 
 
 
A thesis submitted in fulfilment of the requirements for the degree of 
Doctor of Philosophy 
 
 
 
 
Huy P.V. Huynh 
M.Sc. 
 
 
 
 
 
School of Applied Sciences 
Science, Engineering and Technology Portfolio  
RMIT University  
March 2010 
ii 
Declaration  
 
I certify that except where due acknowledgement has been made, the work is that of the 
author alone; the work has not been submitted previously, in whole or in part, to qualify for 
any other academic award; the content of the thesis is the result of work which has been 
carried out since the official commencement date of the approved research program; and any 
editorial work, paid or unpaid, carried out by a third party is acknowledged. 
 
 
_____________________                 _________  
Huy Pham Viet Huynh                        Date 
 
   iii 
List of submitted research papers 
 
The following manuscript has been accepted for publication 
Huy P. V. Huynh and Dayanthi Nugegoda. Effects of phytase and nutrient supplements on 
growth, feed utilization, and waste outputs of Australian native catfish, Tandanus 
tandanus fed with SBM containing diets. Journal of World Aquaculture Society. 
The following manuscripts have been submitted for publication: 
Huy P. V. Huynh, Brian Leonard and Dayanthi Nugegoda. Soybean Meal and Canola Meal as 
Fishmeal Substitutes in Diet of Australian Catfish, Tandanus tandanus. Aquaculture 
International. 
Huy P. V. Huynh and Dayanthi Nugegoda. Use of meat & bone meal and wheat gluten as FM 
protein substitutes in diets for Australian native catfish, Tandanus tandanus. 
Aquaculture International. 
Huy P. V. Huynh and Dayanthi Nugegoda. Effects of Chlorpyrifos Exposure on Growth and 
Feed Utilization of Australian Catfish, Tandanus tandanus. Bulletin of Environmental 
Contamination and Toxicology. 
 
iv 
Acknowledgements 
 
The author wishes to express his sincere and deepe gratitude to Professor Dayanthi Nugegoda for 
her tireless supervision, invaluable advice, and continuous support throughout his thesis work at 
RMIT University. Without her excellent guidance, this study could not have been completed. 
Special thanks are also forwarded to Associate Professor Brian Leonard, the second supervisor 
(retired), for his advice and help during the early stage of the study. His guidance was very 
important for the initiation of the study. 
Profound gratitude is sincerely sent to the Vietnamese Ministry of Education and Training for 
their invaluable sponsorship, which enabled the author to achieve the ultimate goal in his research 
career. Special appreciations are sent to RMIT Research & Innovation for its partial sponsorship, 
given to the author as the monthly additional stipend. Sincere thanks are also expressed to the 
Directorate of Nong Lam University, Ho Chi Minh City, Vietnam, and the Dean of the Faculty of 
Fisheries for granting the opportunity for the author to commit the study at RMIT University. 
Appreciations are expressed to Ridley Aquafeed Australia (Narrangba, Queensland, Australia), 
Riverland Oilseed Processor (Numurkah, Victoria, Australia) and DSM Nutritional Products 
Australia (Frenchs Forest, New South Wales, Australia) for their donations of the experimental 
feed ingredients.  
Thanks also to They Ng, Donald Harney, and Admane Shanthanagouda who helped the author in 
some analytical procedures and technical work. 
This thesis is especially dedicated to the author’s parents who have always given enduring love 
and whole-hearted sacrifice to him. He would also like to make this thesis a special present to his 
beloved wife, who has shared all difficulties with him during their life in Australia.
   v 
Table of Content 
 
Title ......................................................................................................................................................... i 
Declaration .............................................................................................................................................. ii 
List of submitted research papers........................................................................................................... iii 
Acknowledgements ................................................................................................................................ iv 
Table of Content.......................................................................................................................................v 
List of Tables............................................................................................................................................x 
List of Figures ...................................................................................................................................... xiv 
List of Abbreviations............................................................................................................................ xvi 
Summary ..................................................................................................................................................1 
CHAPTER 1: GENERAL INTRODUCTION ...........................................................................................4 
A. Background .................................................................................................................................4 
1.1 Aquaculture development and the significant issues...................................................................7 
1.2 The use of FM for aquaculture ..................................................................................................10 
1.3 Environmental impacts of aquaculture......................................................................................11 
1.4 Approaches to reduce aquaculture waste ..................................................................................14 
1.4.1 Nitrogenous wastes....................................................................................................................15 
1.4.2 Phosphorus waste......................................................................................................................17 
1.5 Alternative feed ingredients: availability and nutritional quality ..............................................19 
1.5.1 Soybean meal.............................................................................................................................20 
1.5.2 Canola meal ..............................................................................................................................23 
1.5.3 Wheat gluten..............................................................................................................................28 
1.5.4 Meat and bone meal ..................................................................................................................30 
1.6 Improving the use of alternative plant proteins in aquafeeds....................................................32 
1.6.1 Supplementation of limiting AAs ...............................................................................................32 
1.6.2 Elimination of anti-nutritional factors ......................................................................................33 
 vi 
1.7 Phytate phosphorus in plant protein sources............................................................................. 35 
1.7.1 Phytic acid ................................................................................................................................ 36 
1.7.2 Phytase...................................................................................................................................... 37 
1.7.3 Significance of phytase in FM replacement diets ..................................................................... 40 
1.7.4 Methods of using phytase in fish feeds ..................................................................................... 42 
1.8 Pesticides and their impacts on fish.......................................................................................... 42 
1.9 The Australian native catfish, Tandanus tandanus Mitchell 1838 ........................................... 47 
B. The overall objectives of the current study............................................................................... 51 
CHAPTER 2: GENERAL METHODOLOGY ........................................................................................ 52 
2.1 Fish source, holding conditions and acclimation...................................................................... 52 
2.2 Fish diet formulation ................................................................................................................ 53 
2.3 Preparation of experimental feeds ............................................................................................ 54 
2.3.1 Feeds without phytase .............................................................................................................. 55 
2.3.2 Feed with phytase ..................................................................................................................... 55 
2.4 Analysis of proximate composition of feed and fish carcass.................................................... 56 
2.5 Mineral analysis........................................................................................................................ 56 
2.6 Analysis of phosphorus in water............................................................................................... 57 
2.7 Analysis of ammonia and nitrite in tank water ......................................................................... 57 
2.8 Phytase activity analysis ........................................................................................................... 58 
2.9 Calculations for growth and feed utilization indices ................................................................ 58 
2.10 Statistical analyses .................................................................................................................... 60 
CHAPTER 3: EFFECTS OF DIETARY SOYBEAN MEAL AND CANOLA MEAL ON GROWTH 
PERFORMANCE, NUTRIENT UTILIZATION, AND WASTE PRODUCTION OF 
AUSTRALIAN CATFISH .......................................................................................................... 61 
Abstract ................................................................................................................................................. 61 
3.1 Introduction .............................................................................................................................. 62 
3.2 Materials and methods.............................................................................................................. 64 
Experimental procedures....................................................................................................................... 64 
   vii 
Preparation of experimental diets..........................................................................................................66 
Water assessment for phosphorus waste discharged .............................................................................70 
Chemical analysis ..................................................................................................................................70 
Data calculations ...................................................................................................................................71 
Statistical analysis..................................................................................................................................71 
3.3 Results .......................................................................................................................................71 
3.4 Discussion .................................................................................................................................77 
3.5 Conclusions ...............................................................................................................................81 
CHAPTER 4: EFFECTS OF DIETARY WHEAT GLUTEN AND MEAT & BONE MEAL ON 
GROWTH PERFORMANCE, NUTRIENT UTILIZATION, AND WASTE PRODUCTION OF 
AUSTRALIAN CATFISH ...........................................................................................................83 
Abstract ..................................................................................................................................................83 
4.1 Introduction ...............................................................................................................................84 
4.2 Materials and methods...............................................................................................................86 
Experimental design ...............................................................................................................................86 
Preparation of experimental diets..........................................................................................................87 
Water assessment for phosphorus waste discharged .............................................................................90 
Chemical analysis ..................................................................................................................................90 
Data calculations ...................................................................................................................................91 
Statistical analysis..................................................................................................................................91 
4.3 Results .......................................................................................................................................91 
4.4 Discussion .................................................................................................................................96 
4.5 Conclusions .............................................................................................................................104 
CHAPTER 5: EFFECTS OF PHYTASE AND OTHER NUTRIENT SUPPLEMENTS IN SOYBEAN 
MEAL DIETS ON PERFORMANCE AND WASTE PRODUCTION OF AUSTRALIAN 
CATFISH, TANDANUS TANDANUS......................................................................................105 
Abstract ................................................................................................................................................105 
5.1 Introduction .............................................................................................................................106 
5.2 Materials and methods.............................................................................................................108 
 viii 
Experimental procedures..................................................................................................................... 108 
Preparation of experimental diets ....................................................................................................... 109 
Water assessment for P waste discharged........................................................................................... 112 
Chemical analysis................................................................................................................................ 114 
Data calculations................................................................................................................................. 114 
Statistical analysis ............................................................................................................................... 114 
5.3 Results .................................................................................................................................... 115 
Experiment 1........................................................................................................................................ 115 
Experiment 2........................................................................................................................................ 116 
5.4 Discussions ............................................................................................................................. 122 
5.5 Conclusions ............................................................................................................................ 130 
CHAPTER 6: EFFECTS OF PHYTASE AND OTHER NUTRIENT SUPPLEMENTS IN CANOLA 
MEAL DIETS ON PERFORMANCE AND WASTE PRODUCTION OF AUSTRALIAN 
CATFISH, TANDANUS TANDANUS ..................................................................................... 131 
Abstract ............................................................................................................................................... 131 
6.1 Introduction ............................................................................................................................ 132 
6.2 Materials and methods............................................................................................................ 133 
Experimental procedures..................................................................................................................... 133 
Preparation of experimental diets ....................................................................................................... 134 
Water assessment for phosphorus waste discharged .......................................................................... 139 
Chemical analysis................................................................................................................................ 139 
Data calculations................................................................................................................................. 140 
Statistical analysis ............................................................................................................................... 140 
6.3 Results .................................................................................................................................... 141 
6.4 Discussion............................................................................................................................... 149 
6.5 Conclusions ............................................................................................................................ 157 
CHAPTER 7: EFFECTS OF CHLORPYRIFOS ON GROWTH AND FEED UTILIZATION OF 
AUSTRALIAN NATIVE CATFISH, TANDANUS TANDANUS .............................................. 158 
Abstract ............................................................................................................................................... 158 
   ix 
7.1 Introduction .............................................................................................................................159 
7.2 Materials and methods.............................................................................................................161 
Experimental procedures .....................................................................................................................161 
Preparation of experimental diets........................................................................................................163 
Sampling procedures for feeding experiment (experiment 2) ..............................................................163 
Chemical analysis ................................................................................................................................164 
Acetyl cholinesterase enzyme (AChE) assay ........................................................................................164 
Pesticide analysis .................................................................................................................................166 
Statistical analysis................................................................................................................................166 
7.3 Results .....................................................................................................................................167 
Experiment 1 ........................................................................................................................................167 
Experiment 2 ........................................................................................................................................169 
7.4 Discussion ...............................................................................................................................174 
7.5 Conclusions .............................................................................................................................180 
CHAPTER 8: GENERAL DISCUSSION..............................................................................................182 
8.1 Alternative ingredients and their effects on Australian catfish ...............................................183 
8.2 Significance of phytase in catfish diets with SBM or CM as FM substitutes .........................187 
8.3 Significance of nutrient supplements in catfish diets with SBM or CM as FM replacement .190 
8.4 FM replacement in diets in relation to the dietary habit of T. tandanus..................................193 
8.4.1 Alternative ingredients in diets for Australian catfish, a bottom feeding carnivore................193 
8.4.2 Cost savings using different alternatives for FM in diet of catfish .........................................195 
8.5 The effects of a pesticide on growth and feed utilization of the Australian catfish ................199 
8.6 Conclusion...............................................................................................................................200 
References ..........................................................................................................................................202 
 x 
List of Tables 
 
Table 1.1 Waste outputs of common fish feed ingredients...................................................... 14 
Table 1.2 Nutritional indices and anti-nutrient factors (ANF) of FM, SBM, and CM ............ 20 
Table 1.3 Proximate composition of some FM and canola protein sources (*) ........................ 24 
Table 1.4 Proximate composition (g/kg DM) of FM and some other plant protein sources (*)24 
Table 1.5 Amino acid (g/100g protein) composition of SBM, CM, and FM .......................... 25 
Table 1.6 Essential Amino Acids Index (EAAI) for selected protein sources ........................ 26 
Table 1.7 Anti-nutrient levels in soybean and canola meals.................................................... 27 
Table 1.8 Unit prices of protein in different sources ............................................................... 28 
Table 1.9 Price comparison for CM and SBM in Australia..................................................... 28 
Table 1.10 Anti-nutrients present in SBM and rapeseed meal ................................................ 34 
Table 1.11 Commercially available phytase enzymes (Cao et al., 2007) ................................ 38 
Table 1.12 pH and temperature optima for some phytase sources .......................................... 39 
Table 1.13 List of growth response reference of some fish species which have been used as 
sensitive toxicity tests for selected pesticides (from Woltering, 1984) ........................... 45 
Table 1.14 Mean percentage composition of food items of catfish (Davis, 1977b) ................ 49 
 
Table 3. 1 Summary on FM replacement studies on different aquaculture species................. 63 
Table 3.2 Water quality during 12 weeks of the 2 experiments .............................................. 65 
Table 3.3 Nutrient composition of main feed ingredients ....................................................... 67 
Table 3.4 Ingredient, proximate and essential amino acid composition of the SBM diets in 
experiment 1..................................................................................................................... 68 
Table 3.5 Ingredient, proximate and essential amino acid composition of the CM diets in 
experiment 2..................................................................................................................... 69 
Table 3.6 The growth performance and nutrient utilization efficiency of Australian catfish fed 
with diets containing graded levels of SBM or CM as the substitute for dietary FM 
protein (at 24oC for 84 days under 12:12 light regime) ................................................... 72 
Table 3.7 The proximate composition and P content in the carcass of experimental Australian 
catfish fed with diets containing graded levels of SBM or CM as a substitute for dietary 
FM protein (at 24oC for 84 days under 12:12 light regime) ............................................ 74 
   xi 
Table 3.8 The estimated N budgets (g/kg weight gain) of experimental Australian catfish fed 
with diets containing graded levels of SBM or CM as a substitute for dietary FM protein 
(at 24oC for 84 days under 12:12 light regime) ................................................................75 
 
Table 4.1 Water quality during 12 weeks of the experiment....................................................87 
Table 4.2 Proximate composition and gross energy content of feed ingredients .....................88 
Table 4.3 Ingredient, proximate and indispensable AA composition of the experimental diets
..........................................................................................................................................89 
Table 4.4 Growth and nutrient utilization indices of Australian catfish, fed with diets 
containing graded levels of MBM or WG as a substitute for dietary FM protein (at 24oC 
for 84 days, under 12:12 light regime). ............................................................................92 
Table 4.5 N and P budgets (g/kg weight gain) of experimental Australian catfish fed with 
diets containing graded levels of MBM or WG as the substitute for dietary FM protein 
(at 24oC for 84 days, under 12:12 light regime). ..............................................................94 
 
Table 5.1 Mean water quality during the 12 weeks of the 2 experiments..............................109 
Table 5.2 Proximate composition, AA profile, and gross energy content of feed ingredients.
........................................................................................................................................110 
Table 5.3 Ingredients and proximate composition of experimental diets in Experiment 1....111 
Table 5.4 Ingredient, proximate composition, and estimated AA content of experimental diets 
in Experiment 2 ..............................................................................................................111 
Table 5.5 Growth indices of Australian catfish fed with SBM diets supplemented with graded 
levels of phytase (at 24oC for 84 days, under 12:12 light regime) .................................115 
Table 5.6 Growth indices of Australian catfish fed with nutrients supplemented SBM diets (at 
24oC for 84 days, under 12:12 light regime) ..................................................................117 
Table 5.7 Proximate composition in the carcass of Australian catfish fed with nutrients 
supplemented SBM diets (at 24oC for 84 days, under 12:12 light regime)....................118 
Table 5.8 N and P budgets (g/kg weight gain) of experimental Australian catfish fed with 
nutrient supplemented MBM diets (at 24oC for 84 days, under 12:12 light regime). ....119 
 
Table 6.1Water quality during 12 weeks of the 2 experiments ..............................................134 
 xii 
Table 6.2 Proximate composition, AA profile (g/kg dry matter) and gross energy (KJ/g) of 
feed ingredients .............................................................................................................. 135 
Table 6.3 Ingredient, proximate composition and AA profile of the experimental diets in 
Experiment 1 .................................................................................................................. 137 
Table 6.4 Ingredients, proximate and essential AA composition of the experimental diets in 
Experiment 2 .................................................................................................................. 138 
Table 6.5 Growth and feed utilization indices of Australian catfish fed with CM diets 
supplemented with graded levels of phytase (at 24oC for 84 days under 12:12 light 
regime). .......................................................................................................................... 141 
Table 6.6 Growth indices of Australian catfish fed with CM diets containing different 
combinations of nutrient supplements (at 24oC for 84 days under 12:12 light regime).142 
Table 6.7 Feed utilization indices of Australian catfish fed with CM diets containing different 
combinations of nutrient supplements (at 24oC for 84 days under 12:12 light regime).143 
Table 6.8  Proximate composition, calcium, and P content in the carcass of Australian catfish 
fed with phytase supplemented CM diets (at 24oC for 84 days under 12:12 light regime)
........................................................................................................................................ 144 
Table 6.9 The estimated N and P budgets (g/kg weight gain) of Australian catfish fed with 
CM diets, supplemented with phytase or other nutrient supplements (at 24oC for 84 days 
under 12:12 light regime)............................................................................................... 146 
 
Table 7. 1 Ingredient, proximate and essential amino acid composition of experimental feed
........................................................................................................................................ 163 
Table 7. 2 Recovery of fish presented as percentage of control AChE activity of Australian 
catfish exposed to different concentrations of chloryrifos at different time points during 2 
weeks after transferred to clean water ........................................................................... 168 
Table 7. 3 Nominated and actual exposure concentrations used in experiment 2 ................. 169 
Table 7. 4 Recovery of fish presented as percentage of control AChE activity of Australian 
catfish after exposure to 2 and 10µg/L chlorpyrifos and 6 weeks after transferring to 
clean water ..................................................................................................................... 170 
Table 7.5 Growth and nutrient utilization of Australian catfish 6 weeks after exposure to 
different concentrations of chlorpyrifos in short pulse exposures. ................................ 172 
   xiii 
Table 7. 6 Fortnightly percentage weight gain of fish during 6-week feeding experiment after 
22-hour exposure to different concentrations of chlorpyrifos ........................................173 
Table 7.7 Proximate composition (as % live weight) of the fish carcass of experimental 
Australian catfish after 6 weeks from exposure to different concentrations of chlorpyrifos
........................................................................................................................................173 
 
Table 8.1 Price of selected ingredients and economies of alternative proteins for FM in diets 
for Australian catfish ......................................................................................................197 
Table 8. 2 Some recommended diet formulations for Australian catfish with respect to growth, 
environmental impacts, and protein cost ........................................................................198 
 
 xiv 
List of Figures 
 
Figure 1. 1 The Australian native catfish, Tandanus tandanus. .............................................. 48 
Figure 1. 2 Commercial catch of freshwater Australian catfish in South Australia between 
1968/69 and 1996/97........................................................................................................ 50 
 
Figure 2.1 Holding tanks for acclimation of fish .............................................................. 53 
Figure 2.2 Experimental tanks connected to a flow‐through water system ................. 53 
Figure 2.3 Steps in preparation for experimental feeds................................................... 55 
 
Figure 3.1 Daily ortho P and total P waste (mg/kg fish) of Australian fish fed with diets 
containing graded levels of SBM as FM replacement, conducted at 24oC (Mean ± S.E., 
n=4 replicate tanks/treatment).......................................................................................... 76 
Figure 3.2 Daily ortho P and total P waste (mg/kg fish) of Australian fish fed with diets 
containing graded levels of CM as FM replacement, conducted at 24oC (Mean ± S.E., 
n=4 replicate tanks/treatment).......................................................................................... 77 
 
Figure 4.1 Daily ortho and total P waste of fish fed with graded levels of MBM as dietary 
fishmeal protein replacement, conducted at 24oC (Mean ± S.E., n=3 replicate 
tanks/treatment)................................................................................................................ 95 
Figure 4.2 Daily ortho and total P waste of catfish fed with graded levels of WG as dietary 
FM protein replacement, conducted at 24oC (Mean ± S.E., n=3 replicate 
tanks/treatment)................................................................................................................ 96 
 
Figure 5.1 Daily ortho-P and total P waste of Australian catfish fed SBM diets containing 
graded levels of phytase, conducted at 24oC (Mean ± S.E., n=3 replicate tanks/treatment)
........................................................................................................................................ 121 
Figure 5.2 Daily total P and ortho-P waste of Australian catfish fed SBM diets containing 
different combinations of nutrient supplements, conducted at 24oC (Mean ± S.E., n=3 
replicate tanks/treatment)............................................................................................... 121 
 
   xv 
Figure 6.1 Daily ortho-P and total P waste (mg/kg fish) of Australian catfish fed with phytase 
supplemented CM diets, conducted at 24oC (mean ± S.E., n=3 replicate tanks/treatment)
........................................................................................................................................147 
Figure 6.2 Daily ortho-P and total P waste (mg/kg fish) of Australian catfish fed with CM 
diets supplemented with different combination of nutrients, conducted at 24oC (mean ± 
S.E., n=3 replicate tanks/treatment) ...............................................................................148 
 
Figure 7.1 AChE activity (µmoles/g brain tissue/minute) of Australian catfish at different time 
points during 2 weeks after exposure to different concentrations of chlorpyrifos for 22 
hours (Mean ± S.E., n=5). ..............................................................................................167 
Figure 7. 2 AChE activity (µmoles/g brain tissue/minute) of Australian catfish after exposure 
to 2 and 10µg/L chlorpyrifos and 6 weeks after transferring to clean water (Mean ± S.E., 
n=5).................................................................................................................................170 
Figure 7. 3 Weight change in experimental fish during 42 days after exposure to different 
concentrations of chlorpyrifos, at 24oC ..........................................................................173 
 
 xvi 
List of Abbreviations 
AA Amino acid 
AChE Acetylcholinesterase 
ANF Anti-nutrient factor 
CM Canola meal 
CMC Carboxymethyl cellulose 
FM Fishmeal 
FTU Phytase unit 
MBM Meat and bone meal 
N Nitrogen 
OP Organophosphate 
P Phosphorus 
SBM Soybean meal 
WG Wheat gluten 
SGR Specific growth rate 
FCR Feed conversion ratio 
PER Protein efficiency ratio 
ANPU Apparent net protein utilization 
DO Dissolved oxygen 
PhER Phosphorus efficiency ratio 
NI Nitrogen intake 
NR Nitrogen retention 
NW Nitrogen waste 
PI Phosphorus intake 
PR Phosphorus retention 
PW Phosphorus waste 
 1 
Summary 
 
The reliance on fishmeal (FM) has posed an increasing challenge for the sustainable 
development of intensive aquaculture industry due to the limited production of FM. As a 
result, the use of alternative ingredients has been investigated on many aquaculture species. 
Use of FM in aquaculture feed releases higher nutrient waste from cultured species resulting 
in detrimental impacts on the environment. Variable effects of alternative ingredients for FM 
in diets on growth, nutrient utilization, and waste production of various aquaculture species 
have been reported. However, the effects on growth performance and waste production of fish 
have not been correlated. In addition, the use of different ingredients on the same species has 
been rarely found in the literature and there has been no study on Australian catfish, Tandanus 
tandanus. This study investigated the effects of dietary inclusion of soybean meal (SBM), 
canola meal (CM), meat and bone meal (MBM), and wheat gluten (WG) on growth 
performance and waste production of Australian catfish. This investigation also built a general 
depiction of the use of different ingredients in a single fish species in relation to feeding 
behaviour. 
 
Results proved that untreated WG, SM, CM, and MBM could be used to replace respectively 
10%, 15%, 20% and 30% of dietary FM protein without any negative effects on the growth 
and feed and nutrient utilization of Australian catfish.  The selected ingredients had different 
effects on P retention efficiency (PhER) of catfish. While dietary SM tended to increase PhER 
of catfish, dietary CM tended to decrease PhER of the fish. Feed conversion ratio (FCR) and 
protein efficiency ratio (PER) were poor in fish fed with diets high content of alternative 
ingredients. However, high inclusion levels of SBM and CM were acceptable when phytase 
and/or other nutrient supplements were used to fortify the diets. 
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Dietary phytase at the dose of 3000 FTU/kg feed enabled the replacement of 30% of dietary 
FM protein by SBM. When methionine and lysine, were added in combination with phytase, 
replacement of 45% FM protein with SBM was acceptable without any detrimental effects on 
the performance of catfish. Addition of phytase did not show significant effects on FCR but 
significantly improved PER and PhER of the fish fed with SBM diets. At 45% FM 
replacement with SBM, addition of both inorganic phosphorus (P) and limiting AAs 
significantly improved the growth of catfish but decreased dietary P utilization of the fish. P 
waste was also elevated by this formulation. Fish fed diets containing SBM, at any level of 
inclusion, excreted significantly lower ortho P than fish fed with the control FM diet. 
However, the total P waste was significantly decreased only when 45% or more FM protein 
was replaced by SBM. 
 
Similar to SBM, 30% dietary FM protein was acceptable when phytase was supplemented at 
the dose of 1000 – 3000 FTU/kg feed. However, a combination of phytase and AAs did not 
improve the growth of catfish when 45% FM protein was replaced with CM. At 45% FM 
replacement, a combination of inorganic P and methionine and lysine in CM diets 
significantly improved the growth performance of catfish but had significantly detrimental 
effects on nutrient utilization and P waste of the fish. Despite the reduction in ortho P waste of 
catfish when fed with CN diets, total P waste was significantly elevated when more than 30% 
of dietary FM protein was replaced. While phytase in CM diets played no significant role in 
reducing P waste output of catfish, addition of both phytase and AAs significantly lowered the 
total P waste of the fish. 
 
MBM and WG were only evaluated raw in the present study. Dietary WG significantly 
impaired the growth performance and FCR of Australian catfish at a very low inclusion level, 
however replacing fishmeal with WG significantly improved the PER of the fish. In addition, 
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replacing 30% dietary FM protein with WG resulted in significantly less soluble and total P 
wastes as revealed in both evaluation methods for P waste of fish. Commercial MBM could 
be used to replace 30% dietary FM protein. However, FCR and PER of fish fed with MBM 
containing diets were significantly poorer than that of fish fed fishmeal diet. At 30% FM 
protein replacement, dietary inclusion of MBM significantly increased the estimated P waste 
of catfish. However, the results from direct measurements of P excretion indicated that the 
total P waste of catfish was significantly higher only when 45% or more of dietary FM protein 
was replaced with MBM. The ortho P waste of catfish remained comparable to that of the 
control fish when up to 45% of FM protein was replaced with MBM. However, replacement 
of 60% dietary FM protein by MBM significantly elevated the ortho P waste of the fish. 
 
The effects of organophosphate pesticides on growth of catfish were also evaluated by short 
pulse exposures to different concentrations of chlorpyrifos. The brain AChE of fish was 
significantly inhibited by chlorpyrifos exposure at the concentration of 0.1µg/L for 22 hours. 
Although the brain AChE activity of catfish recovered after transfer to clean water, 30% 
inhibition of the enzyme was still observed in the fish 2 weeks after transfer to clean water 
following exposure to 2µg/L of chlorpyrifos for 22 hour. At the exposure concentrations of 
0.1 and 0.5µg/L of chlorpyrifos for 22 hours, AChE activity of catfish recovered completely 2 
weeks after transfer to clean water. Exposing fish to chlorpyrifos at the concentrations of 
2µg/L for 22 hours or 10µg/L for 2 hours significantly impaired the growth performance and 
feed utilization of catfish. However, the biweekly growth of fish was increased during the 6-
week feeding period demonstrating an ability to recover after short term exposure to 
chlorpyrifos. The hepatosomatic index of the fish was significantly greater in the exposed fish 
than in the control fish indicating that the liver’s activity of the fish increased in order to 
accelerate the detoxification process after exposure to the OP pesticide. 
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CHAPTER 1: GENERAL INTRODUCTION 
 
A. Background 
 
 
Aquaculture has been perceived as the fastest growing food-producing sector and having the 
greatest potential to meet the increasing worldwide demand for fish food. According to FAO 
(2009), aquaculture has grown significantly over the last 50 years from a production of about 
one million tonnes in early 1950s to a production of 51.7 million tonnes by 2006. This 
production accounted for about 47% of the world’s food fish and had the value of US $78.8 
billion. Aquaculture sector has been growing at an average annual growth rate of 8.7% 
worldwide and it is playing more and more important roles in worldwide food security. 
 
In countries where aquaculture is well established and properly developed, intensification is 
the most common way of increasing aquaculture production to cope with land use conflicts. 
However, operation cost and environmental management become the key constraints and thus 
feed and water pollution are becoming the major concerns. Indeed, once aquaculture 
intensifies, demand for formulated feeds increases to meet the higher requirements of nutrient 
input in intensified aquaculture systems. The higher nutrient input also leads to higher nutrient 
load from the system, thus causing more pollution. 
 
Formulated feeds are obviously the fundamental need in order to feed intensified aquaculture 
systems. Due to the nutritional quality, including high protein content, good balance of amino 
and fatty acids, low concentrations of anti-nutrients, and being highly digestible to fish and 
other aquatic animals, fishmeal (FM) has long been used as the main protein source for 
compound pelleted feed. However, reliance on FM is a significant limitation for the 
development of the aquaculture sector. Indeed, recorded data indicates that the demand for 
FM increased with increase in aquaculture production while FM production was almost static 
over the last decade due to the saturation of wild fish stocks. This implies that inclusion of 
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FM in aquafeed needs to be reduced in some way. As a result, the use of alternative animal or 
plant protein sources has been of the aquaculturists’ interests and is considered of prime 
importance for maintaining the economical viability of commercial aquaculture (Davis and 
Arnold, 2000). 
 
There are various sources of protein that may be used as alternative ingredients for FM. Some 
of the most commonly used may include (1) soybean meal and soybean concentrate; (2) 
canola meal and canola concentrate; (3) rendered animal by-product meals (meat and bone 
meal, poultry meal, blood meal, etc.); (4) grains glutens (wheat gluten, corn gluten, etc.). In 
addition, there are many factors affecting the use of these sources in aquafeed. Nutritional 
quality and palatability to fish are the two main factors that restrict the use of alternative 
ingredients in aquafeed. Further, the capacity to digest and assimilate different types of 
alternative protein sources is different from one species to another. Research on the use of 
alternative protein sources in fish have not only shown variable results among species but also 
demonstrated variations within a species dependent on the stages of development and types of 
the alternative protein sources. Therefore, all alternative ingredients need to be tested for 
individual species.  
 
The availability and cost of a protein source are often correlated. As demand for FM in 
aquaculture sector increases while supply remains static, the FM price will float leading to the 
increase of aquaculture production cost. Conversely, Alternative ingredients are often more 
quantitatively available and, therefore, are often cheaper than FM. For example, Tacon et al. 
(2006) reported that FM price averaged about 2 – 3 times the price of soybean meal during the 
past ten years. The gap was even higher in El Nino years (1997-1998) when FM was 3.8 times 
more expensive than soybean meal.  
 
In addition, water pollution has become a great concern when aquaculture systems are highly 
intensified. Indeed, intensive aquaculture systems with a supply of high protein formulated 
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feeds release more organic and inorganic nutrient waste to the surrounding environment 
(FAO, 2006). Despite the fact that aquaculture is playing an increasingly important role in 
food fish supply, resulting environmental pollution has been a critical issue for the sustainable 
development of this industry. Phosphorus and nitrogen waste, the products of aquaculture’s 
feeds and feedings, are often the cause of significant eutrophications and pollution of the 
surrounding aquatic and associated ecosystems (Cho and Bureau, 2001). Therefore, attempts 
to reduce environmental pollution should focus on improving feed formulation and 
management (Cho et al., 1994) and the use of alternative feed ingredients has shown 
significant effects in reducing aquaculture waste.  
 
However, besides the negative impacts on the environment, aquaculture in return is 
potentially affected by environmental contamination. Pesticides are likely to enter water 
bodies in various ways, including spray drift, leaching from soil and water and run off from 
agriculture (Chandrasekara and Pathiratne, 2007). Organophosphorus (OP) pesticides are the 
most commonly used in tropical agriculture (Sun and Chen, 2008, Chandrasekara and 
Pathiratne, 2007) and therefore are the common contaminant in the aquatic environment. 
These chemicals may have significant impacts on many non-target aquatic species, including 
fish which are particularly sensitive to OP toxicants (Hai et al., 1997). Fish in open 
aquaculture systems are more likely to be affected. There has been limited research on the 
effects of OPs at sublethal levels, on growth and nutrient assimilation of fish. 
 
The Australian catfish are endemic to much of the Murray-Darling Basin of south eastern 
Australia. Australian catfish also occur in coastal rivers of both eastern Australia, but their 
taxonomic relationship to catfish of Murray-Darling basin is unclear. Similar to other catfish 
species, Australian catfish is a good table fish. It has white and firm flesh with no off-
flavours. Another advantage of this species is that it is scaleless. However, aquaculture of the 
species failed to develop in the early ‘80s due to some constraints, including shortage of 
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fingerlings and handling difficulties due to the sharp dorsal spines. Since then, the wild stock 
of catfish has been continuously declining due to over-fishing, the species is now in the 
threatened stage. The species is listed as endangered in NSW and Victoria, and is protected in 
South Australia (Aquaculture-SA, 2004). However, the fish still has great potential for 
aquaculture since its fingerlings have been successfully produced by induced breeding and are 
now available in many states, including Queensland, New South Wales, and Victoria. In 
addition, with the rapid growth of the Australian population, especially from migration, the 
catfish is potentially a good candidate for the table fish market. Further, aquaculture may be 
the best solution for re-introduction and the protection of the wild stock. 
 
With a focus on the inter-relationship between aquaculture and the environment, this study on 
the replacement of FM with alternative ingredients and the effects on water pollution sought 
to make a contribution to the fundamental knowledge of the use of alternative protein for FM 
in diets of fish with reference to growth performance, nutrient utilization, and waste 
production of fish. This study also aimed to determine the effects of OP pesticide 
contamination on the performance of fish as an example of the two-way interaction between 
aquaculture and the environment. 
 
1.1 Aquaculture development and the significant issues 
 
 
Primarily practiced in Asia (Tacon et al., 1995), aquaculture has presently spread to globally. 
From the activity focused on freshwater fish, aquaculture has now covered all aquatic 
environment and many aquatic species (FAO, 2006). From an activity mainly relying on 
natural resources as nutrient input, which is termed extensive culture, aquaculture systems 
have now become much more intensified with more artificial inputs (e.g. feeds, fertilizers, 
chemicals, etc.). Due to high nutritional values of aquatic products, aquaculture has a huge 
potential to feed the global market. Aquaculture has recently received more attention from 
scientists in order to improve the capacity to meet the increasing global demand for food fish. 
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Although the newly developed advanced technologies in seed production, nutrition, feeding 
and disease prevention have strengthened aquaculture, the current limitation in natural 
resources, awareness of environmental sustainability and new technologies resulted in more 
challenges for the development of aquaculture. 
World aquaculture, including fish food and aquatic plants, has grown dramatically during the 
past 50 years with an average annual increase of 6.9% in quantity and 7.7% in value (FAO, 
2009). Aquaculture production has risen from below 1 million tonnes in early 1950s to 51.7 
million tonnes in 2006 (FAO, 2009). Aquaculture is also playing a more important role in fish 
food supply as it was reported that up to 47% of world fish food in 2004 was from 
aquaculture (FAO, 2009). Although there have been some signs of a peak in growth of 
aquaculture, it is still predicted to continue growing more rapidly than any other animal food 
producing sector (FAO, 2009). 
In order to increase production with limited land resources, aquaculture systems have been 
highly intensified and high nutrient formulated feeds is the first requirement of the operations. 
In addition, administration of chemicals to control diseases is also very popular to secure the 
harvest of some intensive aquaculture systems. These practices are causing negative impacts 
on surrounding ecosystems at different levels and also have significant effects on the integrity 
of the ecosystems. According to FAO (2009), some common effects of intensive aquaculture 
practices on ecosystems may include: 
- High energy formulated feeds for carnivorous fish require more FM and fish oil thus 
increasing demands on fisheries for FM and fish oil. 
- Eutrophication of surrounding ecosystems due to the nutrient rich waste discharge 
from aquaculture intensive systems.  
- Competition for and sometimes depletion of resources, mainly land and water 
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FM is the most important protein source in commercial feeds for finfish due to its advantages 
in protein quality, component concentration, and palatability, especially for carnivorous 
species (Drew et al., 2007). As aquaculture industries develop to meet the increasing demand, 
its dependence on FM is increasing, especially when aquaculture is highly intensified and 
where commercial feeds are used. Indeed, according to Deutsch et al. (2007), about 40% of 
aquaculture production is now firmly dependent on commercial feeds, which in turn relies on 
FM as the main protein source. Therefore, aquaculture is consuming significantly more FM 
compared with other animal husbandry sectors. In 2006, aquaculture feed (aquafeed) 
production represented approximately 4% of global production of animal feeds but it 
consumed about 56% of the global FM production (Tacon, 2007). The reliance on FM makes 
the aquaculture industry less sustainable since FM is a limited resource. While the demand on 
wild fish for aquaculture grew at the rate of 8.9% annually, the production of wild fish 
increased only 0.8% per annum during the period of 1970 - 2002 (Tacon, 2004). As a result, 
the use of FM in practical diets made intensive aquaculture production more costly (De Silva 
et al., 2000). Tacon (2004) predicted that the FM demand for aquaculture sector would 
decrease by the use of alternative protein sources. In addition, since the world FM production 
is expected to remain stable in the next 10 years, the rapid expansion of aquaculture during 
this period will require lower FM content aquafeeds, which can be achieved by replacing FM 
with other protein sources that are readily available at lower prices (Drew et al., 2007). 
 
FM is still however a key protein source in aquafeeds (Peres et al., 2003) since replacement of 
FM with other alternative protein sources usually present problems related to the nutritional 
content and quality. The quality of alternative protein sources is generally inferior to that of 
FM and their palatability is also poor compared to FM. However, these ingredients are often 
more available and cheaper than FM and that may allow more treatments to improve their 
quality (Drew et al., 2007). Moreover, replacement of FM with other plant or terrestrial 
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protein sources may also have environmental significance since research has found that waste 
discharge from aquaculture was reduced when FM was replaced by some of the alternative 
ingredients (Cheng et al., 2003b), which is an additional incentive for the attempt to replace 
FM in aquafeed. 
 
1.2 The use of FM for aquaculture 
 
As aquaculture is intensified to increase production, it is more and more dependent on 
commercial feeds. In 2003, about 41.6% of total global aquaculture production (22.8 million 
tonnes) was dependent on direct use of formulated feed (FAO, 2005). In some regions, the 
percentage of farms using commercial feeds varies from 100% for salmon and trout to 83% in 
marine shrimp to 38% in carp farms (Deutsch et al., 2007). Since FM is still the main protein 
source for aquafeed and the global FM production has been static or declining (6 – 7 millions 
since 1985), the proportion of FM supply for the aquaculture sector has increased 
significantly as aquaculture develops. Indeed, Tacon (2003) reported that the proportion of 
world FM production for aquaculture increased from only 12% in 1984 to 37% in 1997 
(Tacon, 2004), and to 56% in 2006 (Tacon, 2007). New (2002) estimated that aquaculture 
may consume up to 70% of the global FM supply by 2015.  
 
Since feed usually accounts for 60 - 80% of operational costs in intensive aquaculture (FAO, 
2005), the viability of the industry is not only dependent on nutritional quality of commercial 
feeds but also on the cost effectiveness of the diets (Abery et al., 2002). The growing demand 
for FM will continue to drive its price up to some certain level, where the use of FM may no 
longer be financially viable (FAO, 2006). Therefore, the reliance on FM, a limited and more 
expensive resource, will make aquaculture unsustainable. In addition, high FM diets contain 
an excess of phosphorus (P) for the optimum growth of aquatic animals. FM also contains 
high levels of ash associated with a high bone content, which is a major source of inaccessible 
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P for many cultivated species (Satoh et al., 2003). These sources of P are ultimately 
discharged into effluents which are a potential cause of eutrophication and pollution in 
receiving water bodies. Therefore, in order to be the key supplier for human food, aquaculture 
must reduce the reliance on FM in aquafeed (Williams et al., 2003). 
 
1.3 Environmental impacts of aquaculture 
 
Environmental issues related to the global development of aquaculture have been addressed 
since the early 1970s and have long been an issue for the sustainable development of the 
aquaculture industry (Tacon et al., 1995). In the State of Victoria Australia, using low 
environmental impact production systems is an important strategy highlighted by the State 
Government for the sustainable development of aquaculture (AAG, 2008). The Victorian 
Government also gives priority to research and development for the best practices in 
aquaculture that simultaneously improve productivity and reduce environmental impacts of 
production systems (AAG, 2008).  
 
 Aquaculture has been highly intensified during its development in as previously reviewed 
order to meet the globally increasing demand for fish food. Intensification of aquaculture 
requires more nutrient inputs to culture systems, either directly in the form of feeds or 
indirectly in the form of fertilizers (Tacon and Forster, 2003), from which most aquaculture 
wastes originate (Cho, 1991, Bergheim and Asgard, 1996). Feed-derived wastes are 
considered the largest proportion of aquaculture waste. These food originated wastes include 
uneaten feed, undigested feed residues, and excretion products (Cripps, 1993, cited by 
Bergheim and Asgard, 1996). The level of waste loading is influenced by many factors 
including feedstuff quality, diet formulation, feed production technology, and feeding 
practices. Feed waste will increase rapidly when the energy fed exceeds the maximum energy 
intake for the animal. The same principle is applied to nitrogen (N) and P in formulated feeds. 
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Besides the loss of nutrients prior to being taken, the nutrients are also lost when dietary 
nutrients exceed the requirement for maintenance and growth of fish. These excess nutrients 
are excreted and become waste for the environment (Bergheim and Asgard, 1996). Type of 
feed is another factor affecting the waste production of aquaculture system. Semi-moist or dry 
diets have shown their advantage in improving feed utilization and thus reducing waste 
production from fish culture ponds. However, the provided feed is never completely eaten by 
the fish; thus the uneaten feed is a significant and unavoidable source of waste in intensive 
aquaculture ponds. The nutrient leakages to the environment from uneaten feed are dependent 
on the water stability of different feeds. It has been shown that feeds with stronger integrity 
are usually less likely to break up and have an increased chance of being eaten. As a result, 
these feeds produce lesser amounts of waste. 
 
N and P are the nutrients of greatest concern in aquaculture effluents since they are potentially 
available to biota and may effectively stimulate eutrophication and consequently pollution in 
the receiving water bodies (Tyrrell, 1999, Sugiura et al., 2000, Cho and Bureau, 2001, 
Mainstone and Parr, 2002, McDaniel et al., 2005, Zhang et al., 2006). According to Bergheim 
and Asgard (1996), about 20 % of organic matter, 14% of total N, and 55% of total P from 
ingested nutrients are excreted as faecal waste. Therefore, reducing N and P discharges is a 
vital strategy to reduce the environmental impacts of intensive aquaculture operations (Cheng 
et al., 2003a). Since P is the greatest limiting factor for aquatic plants (algae) growth in 
freshwater, P waste receives greater concern in the freshwater environment. For the same 
reason, N waste is generally a greater concern in the marine environment (Cripps, 1995, 
Ramseyer, 1997, Cho and Bureau, 2001). Kibria et al. (1997) reported a significant and 
instantaneous increase of total P and ortho P waste by silver perch, Bidyanus bidyanus, fed 
with high P commercial diets. These authors also highlighted the difference in the effects of P 
and N content in the diet of silver perch on P and N waste production, showing that dietary P 
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had a direct impact on P faecal waste while dietary N had minimal impacts on N faecal waste 
of fish. 
 
As discussed, the increasing demand on commercial feeds for intensive aquaculture systems 
has created a high demand pressure on the production of FM, which has been shown to be 
static or declining over the years. As a result, reliance on FM as a main protein source for 
formulated feeds is the main challenge for the sustainable development of aquaculture. Using 
available alternative protein sources is a potential strategy to reduce the demand on FM for 
aquaculture. However, most of the phytate-bound P in these plant protein sources is almost 
indigestible by fish and is ultimately discharged into the environment, consequently causing 
eutrophication leading to algae blooms (Liebert and Portz, 2005). 
 
Since the main source of aquaculture waste is from feeds and feeding, Cho et al. (1994) 
suggested a biological approach to evaluating feeds and feeding to reduce waste from 
aquaculture. Proper diet formulations and suitable feeding strategies are the key approaches to 
overcome environmental issues for aquaculture (Cho and Bureau, 2001). However, there have 
been practical problems associated with the formulation of environmentally friendly diets in 
relation to the use of FM and reduction of P output from aquaculture feeds. Although many 
plant protein sources have low P content, about two thirds of plant P are in phytate form and 
thus unavailable to fish. Therefore, though plant sources may help reduce dietary P content, 
its use still potentially increases P discharge from aquaculture systems.  Phytase has been a 
solution to improve availability of P in plant protein sources to fish thus reducing P discharge 
and increasing feasibility of their use in fish diets. Although some research has been 
conducted on the use of phytase in plant based fish diets (Cao et al., 2007), further studies are 
still required to make phytase and plant protein sources practically applicable to aquafeeds, 
for the sustainable development of aquaculture industry. 
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1.4 Approaches to reduce aquaculture waste 
 
 
Although waste from aquaculture are defined as all materials used during the culture period 
that are not removed from the system during harvesting (Cripps and Bergheim, 2000, 
Sindilariu, 2007), many authors have argued that a major part of aquaculture wastes is from 
feed inputs. This can be effectively reduced using a nutritional approach, which involves 
improvements in diet formulation, feed utilization, and better feeding regimes. Aquaculture 
wastes can be divided into three categories, including (1) organic matter or solid waste; (2) N 
waste; and (3) P waste. Previously, selection of feed ingredients was based primarily on 
protein composition and cost of energy. Nowadays, when water pollution is a greater concern, 
P content of ingredients is a major consideration in fish feed formulation (Cho and Bureau, 
2001). Table 1.1 shows some core characteristics of popular ingredients used in fish feed 
formulation. 
 
Table 1.1 Waste outputs of common fish feed ingredients 
 
Ingredient Protein Nitrogen Phosphorus Total Solid Dissolved 
 % % % Phosphorus/nitrogen ratio 
Casein 80 12.8 1.00 0.078 0.023 0.022 
FM, herring 72 11.52 1.00 0.087 0.035 0.021 
Soybean meal 44 7.04 0.60 0.085 0.060 0.010 
Soybean full-fat 38 6.08 0.59 0.097 0.068 0.012 
Wheat, soft 11 1.73 0.30 0.174 0.122 0.021 
Rapeseed meal 36 5.76 1.04 0.181 0.126 0.022 
FM,  sardine 65 10.40 2.85 0.274 0.164 0.044 
FM, anchovies 65 10.40 2.85 0.274 0.164 0.044 
Poultry by-product meal 58 9.28 2.40 0.259 0.181 0.031 
FM, menhaden 62 9.92 3.00 0.302 0.181 0.048 
Wheat middlings 17 2.72 0.91 0.335 0.234 0.040 
Meat/bone meal 50 8.00 4.70 0.588 0.411 0.071 
Source Cho et al. (1994) 
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1.4.1 Nitrogenous wastes 
 
Nitrogenous waste from aquaculture is one of the enriching nutrients of concern to 
environmentalists. Depending on the species and type of feed, up to 52-95% of dietary 
nitrogen (N) is excreted as waste (Hardy and Gatlin, 2002). Indeed, Islam (2005) estimated 
that only 22% of N consumed by caged fish is retained and 78% is lost in the water. This 
author also reviewed that only about 19 – 28% of N input in a trout farm is harvested as fish 
production and it is even lower in areolated grouper Epinephelus areolatus farm, where only 
about 8.6% of N input was reportedly harvested.  
 
The main factors that influence N waste from fish are the quantity and quality of the dietary 
protein. Amino acid (AA) composition and digestibility of protein determine the quality of 
protein (Hardy and Gatlin, 2002). High nitrogenous wastes may also be caused by other 
factors, including the quality of ingredients, feeding regime, and water stability of feeds 
(Burford and Williams, 2001). Poor digestibility and over supply of dietary protein are the 
causes for high metabolic N wastes while overfeeding and poor water stability of feed lead to 
direct feed wastes. Therefore, nitrogenous wastes can be controlled by several approaches. 
Optimal supply of dietary protein is essential since Cho and Bureau (2001) reviewed that 
feeding excessive levels of AAs leads to catabolism that is associated with excretion of 
ammonia. Lowering the dietary protein to energy ratio usually results in the increase of N 
retention thus reducing nitrogenous waste (Cho and Bureau, 2001). In other words, increased 
non-protein energy in a fish diet can help decrease ammonia excretion (Kaushik and Cowey, 
1991). This is termed the protein sparing effects where more dietary energy is supplied from 
non-protein contents, such as lipid and carbohydrate, resulting in the reduction of AA 
catabolism for energy and reduction in nitrogenous wastes. Protein sparing by dietary lipid 
has been shown to occur in most fish species, which is an effective method for the 
management of nitrogenous waste in fish culture (Cho and Bureau, 2001). Rychly (1980) 
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observed a decrease of 45% N excretory losses when dietary protein decreased from 74% to 
32% with corresponding increase of dietary carbohydrate from 9% to 53%. Kaushik and 
Cowey (1991) showed that N excretion was decreased when digestible energy increased in the 
form of either fats or digestible carbohydrates. Minimizing feeding rate is another approach to 
reducing N waste of fish since it was found by Kibria et al. (1997) that dietary N had no 
effects on N fecal waste. These authors also concluded that N waste was probably from 
uneaten food.  
The use of alternative protein sources may have different effects on N wastes. A study by 
Zhang et al. (2006) indicated that using meat and bone meal (MBM) as FM substitute in diets 
for juvenile gibel carp, Carassius auratus gibelio, significantly increased both N and P waste 
outputs. Similar results were obtained by Jahan et al. (2002) who used a combination of blood 
meal, defatted soybean meal (SBM) and MBM as an alternative protein source for FM. In 
another study, however, Jahan et al. (2003a) argued that N discharge can be limited by using 
the right combination of protein ingredients, in which nutritional quality of individual 
ingredients is balanced by some other ingredients. Moreover, these authors also argued that 
using several protein sources may reduce the dependence on any single ingredient. 
 
Compared to P wastes, N wastes are harder to remove by physical approaches as the majority 
of N wastes are in soluble forms (Cripps, 1995). Although fish excrete various nitrogenous 
compounds, ammonia excreted via gills is the main excretory product in teleost fish (Barton, 
2005, Bone and Moore, 2008, Evans, 2009). Islam (2005) indicated that between 68% - 86% 
of consumed nitrogen is voided from fish as soluble ammonia and urea. In farmed salmonids, 
ammonia and urea account for 80 – 90% and 10 – 20% of total N excretion, respectively 
(Bergheim and Asgard, 1996). 
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1.4.2 Phosphorus waste 
 
Phosphorus (P) is an essential element required for growth, bone mineralization, reproduction, 
synthesis of nucleic acids, and structure of phospholipids as well as for energy metabolism of 
fish (Halver and Hardy, 2003, Uyan et al., 2006). The digestible fraction of P is absorbed and 
deposited in the body of fish (e.g. bones, scales, flesh, etc.) in the growth processes, while the 
undigested fraction of P in a diet is excreted in faeces (Cho and Bureau, 2001). Since P is an 
important element for the growth of algae in the aquatic environment, P discharge may cause 
water pollution, such as algal blooms, depleting oxygen in water, and killing aquatic 
organisms (Sugiura et al., 2006). Therefore, P waste has been of major concern to 
environmentalists. 
 
Since P wastes, including dissolved and faecal P, have been a major concern for many 
aquaculture operations due to the significant effects on eutrophication in freshwater and 
brackish water bodies, attempts have been made to study different approaches to reduce P 
wastes from aquaculture. However, not all forms of P wastes make a similar contribution to 
eutrophication since only soluble forms can be utilized immediately by algae and other plants. 
Therefore, soluble P waste is the main concern in water pollution (Cho and Bureau, 2001). 
Bone P or calcium bound P is almost inert under normal environmental conditions and thus 
has little or no potential effects on water pollution (Cho and Bureau, 2001, Sugiura et al., 
2006). The retention rate of dietary P used to be about 20% in typical commercial aquaculture 
feeds, and most dietary P (69 to 86%) was excreted in the effluent (Sugiura et al., 2006). 
Compared to N wastes, P wastes are easier to remove by physical approaches because the 
majority of P from fish farms is bound to the particulate fraction while most of P waste is in 
dissolved forms (Cripps, 1995).  
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While FM is still the main source of dietary P in fish feeds, FM P (16.7 – 42.1 g/kg) is not 
well utilized by aquatic animals, especially the bone fraction (Skonberg et al., 1998, Uyan et 
al., 2006). Therefore, using P substitutes is one of the strategies in reducing P waste from 
aquaculture (Cho and Bureau, 2001). Use of plant protein sources with low P content may be 
the good option although the effect on P waste is different between the ingredients. Indeed, 
replacing FM with SBM in fish diets tends to increase N loss and decrease P loss from fish 
(Tantikitti et al., 2005). Common carp Cyprinus carpio discharged less P waste when fed with 
a FM replacement diet containing blood meal and defatted SBM compared to fish fed with the 
control diet (Jahan et al., 2000). Similarly, common carp fed with diets containing a 
combination of soybean protein concentrate, corn gluten and defatted soybean meal as 
replacement for dietary FM protein, discharged less P and N than fish fed with the FM control 
diet (Jahan et al., 2003b). 
 
Different animal by-products may have varying effects on P waste from fish. For example, 
although MBM has a higher protein content and better AA profile than plant protein sources, 
its P content (3.5 – 5.5%) (Lall, 1991), is even higher than that of FM (1.6 – 4.2%) (Hua et 
al., 2005). As a result, using this type of product to replace FM in fish diets may lead to an 
increase in P discharge from aquaculture. In fact, replacing 20% of FM protein by MBM in 
diets for gibel carp, C. auratus gibelio, caused significant increase of P loading from the fish, 
though the growth of fish was not affected (Zhang et al., 2006). 
 
P waste can be reduced by limiting dietary P in formulated feeds. Indeed Green et al. (2002) 
reported a significant decrease in total, solid, and dissolved P waste of rainbow trout fed with 
diets containing a reduced level of dietary P. Similarly, Sugiura et al. (2006) found that 
without significant differences in growth, rainbow trout fed low P diets, containing 1.00% 
total P, excreted significantly lower amounts of faecal and soluble P than that of fish fed with 
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diets containing a regular P content of 1.43% total P. On the same species, McDaniel et al. 
(2005) revealed that fish fed 0.7% P diet deposited the majority of P in the carcass fraction 
while fish fed 1.0% P diet excreted the majority of P into the soluble effluent fraction. Coloso 
et al. (2003a) fed rainbow trout with graded levels of dietary P (0.6%, 0.88%, and 1.2%) and 
found a similar observation. These authors also found that although fish fed the highest level 
of dietary P showed the best growth, medium dietary phosphorus resulted in an optimum 
growth rate, higher P retention and lower soluble and total P discharge.  
 
In addition, P waste could also be reduced by using phytase in diets where plant protein 
sources are used as alternative feed ingredients. Many studies have shown the positive effects 
of dietary phytase in reducing aquaculture P waste (Sajjadi and Carter, 2004a, Forster et al., 
1999). Phytase may help reduce P waste by improving digestibility of dietary P which 
enhances P retention and reduces P loss. 
 
Previous studies have mainly used a biological approach to estimate the P retention and 
wastes of these fish species (Forster et al., 1999, Sajjadi and Carter, 2004a). The direct 
measurement on P concentrations in water may be more accurate but has been little studied. 
Therefore, the direct measurement method was used in the present study in order to evaluate 
the effects of FM replacement with alternative ingredients on P waste from fish.  
 
1.5 Alternative feed ingredients: availability and nutritional quality 
 
Replacement of FM with alternative ingredients, especially those of plant origins, in diets for 
aquatic species has provided several advantages in reducing aquaculture waste and the 
reliance of aquaculture on FM. However, the alternative ingredients for FM usually have poor 
nutritional quality and palatability and digestibility compared to those of FM.  Therefore, 
research into approaches to improve the use of alternative protein sources is encouraged. 
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Although plant protein sources are usually nutritionally imbalanced and contain anti-nutrients, 
their low cost may allow for treatments which may improve their nutritive values (Drew et al., 
2007). In contrast, Tacon (2005) argued that while trying to make cost-effective diets by using 
cheaper ingredients, the use of plant protein sources may increase the costs since it may be 
necessary to treat anti-nutritional factors, and to add AA in order to improve the nutritional 
profile of the diets. Table 1.2 demonstrates some of the differences in nutritional values and 
anti-nutrient content between FM and two main plant protein sources, soybean meal (SBM) 
and canola meal (CM). 
 
Table 1.2 Nutritional indices and anti-nutrient factors (ANF) of FM, SBM, and CM 
 
 Crude protein 
(g/kg) 
Protein 
efficiency 
Heat-labile ANF Heat-stable ANF 
FM 500-720 3.1-3.7   
SBM 480 1.60 Trypsin inhibitor, 
lectins 
Saponins, no-starch 
polysaccharide, phytase, 
phytoestrogen, protein 
antigens 
CM 380 3.29 Myrosinase Glucosinolates, phytate, 
tannin, sinapine, fiber, 
phenolic compounds 
Source: Drew et al. (2007) 
 
1.5.1 Soybean meal 
 
In general, oilseed meals have been used extensively since the second half of the 20th century 
and SBM in particular has been used after the World War II (Dale, 1996). Since then the use 
of SBM as an alternative ingredient for FM in animal feeds has been studied on a wide range 
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of animals, including fish. The dietary acceptable levels of SBM are usually low for 
carnivorous species and largely varied among these species. In contrast, omnivorous and 
herbivorous fish appeared to adapt well to dietary SBM. Tilapia, Oreochromis niloticus, is a 
good example when it accepts a total replacement of dietary FM. As an omnivore, channel 
catfish, Ictalurus punctatus, has been reported to accept up to 50% of SBM in their 
formulated feed (Wilson and Poe, 1985).  
 
SBM is perceived as the most promising plant protein source for animal feed (Drew et al., 
2007), both in terms of its nutritional quality and its availability. Soybean products contain 
about 45% to 70% protein, dependent on the methods of processing (Hardy, 2000). While 
most cereal grains by-products are deficient in lysine, this AA is relatively high in soya 
products (Dale, 1996). In addition, soybean is the most abundant oilseed crop. Its global 
production has been continuously increasing from less than 20 million tonnes in the 1960s to 
132.2 million tonnes in 2003 (Tacon, 2004).  
 
Similar to other plant protein sources, however SBM contains anti-nutritional factors (ANFs) 
that limit its inclusion level in diets of fish (Table 1.2). ANFs in SBM can be divided into two 
groups including heat-labile and heat-stable ANFs. The heat-labile ANFs include trypsin 
inhibitors, phytates, lectins, goitrogens and antivitamins. The heat-liable ANFs include 
carbohydrate or soluble fiber, saponins, estrogens, allergins, and lysinoalanine. The effects of 
heat-labile ANFs can be reduced by heat treatments applied either during soybean cake 
production or before adding to animal feeds, while the effects of heat-stable ANFs are more 
difficult to eliminate. The typical ANFs in SBM are trypsin inhibitor and phytate/phytic acid. 
Trypsin inhibitor inhibits the trypsin activity in the fish digestive tract and thus lowers the 
protein digestibility of the diet. Phytate, a common storage form of P in plant seeds, has been 
reported to reduce protein utilization efficiency and limit the availability of minerals in diets. 
The phytate content of SBM is in the range of 1 - 4% (Ravindran et al., 1994, Glencross, 
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2003, Gatlin III et al., 2007). The effects of phytate/phytic acid can only be neutralized by the 
use of enzyme (Hardy, 2000). Using phytase is an effective way to allow for higher inclusion 
level of SBM in fish diets.  
 
Similar to terrestrial animals, nutritive value of SBM for fish is largely determined by the 
deficiency of sulfur amino acids, of which methionine is the first limiting (Emmert and Baker, 
1995, Tibaldi et al., 2006). Chou et al. (2004) noted the decrease of methionine content when 
SBM inclusion level increased in FM replacement diets while other AAs were maintained at 
relatively constant levels. Poor methionine content in soybean protein was believed to result 
in a low protein efficiency ratio in fish (Drew et al., 2007). Therefore, dietary 
supplementation of methionine helps improve the nutritional quality of soybean  products 
(Emmert and Baker, 1995). 
 
Efforts have been made to study the use of SBM by different aquaculture species.  Many 
studies have found that the level of FM protein replacement by SBM products varies 
significantly between groups of species with different feeding behaviors, ages, and habitats. 
The acceptable inclusion levels are is in the range of 20 – 60% for marine species, such as 
40% for juvenile cobia, Rachycentron canadum (Chou et al., 2004); 60% for Sharpsnout 
seabream, Diplodus puntazzo (Hernandez et al., 2007); 45% for Japanese flounder, 
Paralichthys olivaceus (Kikuchi, 1999); 50% for Atlantic cod, Gadus morhua, (Hansen et al., 
2007); or only 20% for cuneate drum, Nibea miichthioides (Wang et al., 2006b). Among the 
freshwater species, tilapia species accept the highest inclusion of SBM in their diets. Indeed, 
many studies reported that up to 75% of dietary FM protein could be by SBM in diets for 
tilapia (Tacon et al., 1983). 
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Dietary inclusion of SBM also helps reduce P waste from cultured fish. This is due to the 
lower P content of the meal (6.5 g/kg) compared to FM (17 – 42g/kg) (Cheng et al., 2003a). 
Tantikitti et al. (2005) reported lower P waste of Asian seabass Lates calcarifer fed with a 
diet containing higher SBM levels. However, this author also indicated that replacing FM 
with SBM in the diets tended to increase nitrogen loss. 
 
1.5.2 Canola meal 
 
The use of CM developed several decades after SBM when the genome of rapeseed cultivar 
was improved to reduce glucosinolates levels in the seed, which is the decisive factor for the 
increased application of CM in animal feeds (Dale, 1996). Canola is the name given to 
selected varieties of rapeseed (Brussica napus and Brussica cumpestris) that are low in both 
glucosinolates (antithyroid factors) and erucic acid (Higgs et al., 1983). The commercial 
introduction of cultivars with much reduced (termed ‘low’ or ‘zero’) levels of these 
undesirable glycosides has lead to the expansion in the use of rapeseed meal (Fenwick, 1982). 
The term canola refers to the rapeseed variety that can produce oilseed meal containing less 
than two percent of erucic acid and less than 30µmol/g glucosinolates (Bonnardeaux, 2007). 
CM is one of the promising alternative protein sources for aquafeed, primarily due to its 
availability and low price. According to Fenwick (1982), CM was the fourth important oil 
seed commerce during 1981-1982. Thirteen years later, Higgs (1995) reported that canola 
ranked third in the global production of oil seed crops, constituting 11.6% of total global oil 
seed production in 1992-93, after SBM (51.4%) and cotton seed meal (14.4%). Drew (2007) 
recently reported that CM has now approached the second place in global oil seed production. 
The development trend of CM production indicated the potential of the meal as an alternative 
for FM in animal feed. Drew (2007) also revealed that the protein cost of CM is only haft of 
that of FM protein. In Australia, CM is one of the more readily available protein sources that 
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is relatively cheaper than other sources on a price-per-unit (Rowland et al., 2007). Table 1.3 
and 1.4 present the proximate composition of CM and SBM in comparison to some sources of 
FM. 
 
Table 1.3 Proximate composition of some FM and canola protein sources (*) 
 
Proximate 
composition (as is) 
Herring meal Anchovy meal Canola meal Canola protein 
concentrate 
Crude protein 72.0 65.5 37.0 63.0 
Crude lipid 8.4 4.1 1.7 8.0 
Fibre  0.7 1.0 12.0 4.7 
Nitrogen free extract 0.4 6.6 33.5 14.8 
Ash 10.5 14.8 6.8 5.9 
(*)Higgs et al. (1995) 
 
Table 1.4 Proximate composition (g/kg DM) of FM and some other plant protein sources (*) 
 
 
 Crude 
protein 
Crude fat Ash NFE (1) Gross energy  
(MJ/kg DM) (2) 
FM 703 79 216 4 21.8 
Expeller canola meal 380 136 59 425 22.0 
SE canola meal 432 30 74 464 19.7 
SE soybean meal 503 12 88 397 19.2 
Full-fat soybean meal 416 196 53 336 23.4 
 (*)Source: Glencross (2003) 
(1) NFE: nitrogen free extractives;  
(2) DM: dry matter; SE: solvent-extracted;  
 
Besides high availability and low price, CM has relatively high protein content, in the range 
of 32 – 45% dry matter, and better protein quality compared with SBM with regards to the 
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amino acid profile (Burel et al., 2000). The protein efficiency ratio of canola protein for many 
species is also higher than SBM (Drew et al., 2007). In addition, results from some studies 
indicated that canola protein was more digestible than FM. Indeed, Forster et al. (1999) found 
that the increase of dietary canola protein concentrate as replacement of dietary FM led to the 
increase of protein digestibility of the diet for rainbow trout, Oncorhychus mykiss. Higgs et al. 
(1995) reported that the protein quality of canola is equivalent to that of herring meal and 
higher than SBM and cottonseed meal, based on the indispensable AA index (Table 1.5). 
Rapeseed/canola meal is richer in sulfur AAs but poorer in lysine in comparison to SBM 
(Fenwick, 1982). AA index of SBM, CM, and FM are presented in Table 1.6. 
 
Table 1.5 Amino acid (g/100g protein) composition of SBM, CM, and FM 
 
Amino acid SBM CM FM 
Arginine 5.42 3.10 6.14 
Histidine 2.46 2.37 4.44 
Isoleucine 4.51 4.51 4.50 
Leucine 6.81 5.84 7.94 
Lysine 5.66 4.43 8.20 
Methionine 1.28 2.32 2.93 
Phenylalanine 3.60 3.98 4.26 
Threonine 3.56 5.58 4.90 
Trytophan 1.35 1.04 1.29 
Valine 4.44 4.38 5.60 
Source: Glencross (2003) 
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Table 1.6 Essential Amino Acids Index (EAAI) for selected protein sources 
 
Protein source EAAI Limiting AAs 
Fish whole body protein 97 Threonine 
Fish muscle 97 Threonine 
Whole herring meal 94 Threonine 
Soybean meal 91 Methionine + cysteine, threonine, lysine 
Canola meal 95 Lysine 
Canola/rapeseed protein concentrate 94 Lysine 
Source: (Higgs et al., 1995) 
CM, however, contains a high level of fibre together with other ANFs such as tannin, saponin, 
and phytic acid that limit the inclusion of the meal in animal feeds. Fibre content of rapeseed 
meal, in the range of 110 – 130 g/kg, is almost twofold that of soybean meal (Fenwick, 1982). 
This results in low digestible energy and nutrients. Although the amount of glucosinolates in 
canola seed has been minimized, it is still a typical anti-nutrient in CM that causes adverse 
effects on the liver and kidney of fish (Higgs et al., 1982, Higgs et al., 1995) and 
consequently results in poor growth. CM also contains about 4% of phytate (Glencross, 2003, 
Gatlin III et al., 2007), which is higher than that of SBM. Furthermore, phytate-bound P 
constitutes around 70 to 75% of total P of the meal (Gatlin III et al., 2007, Pontoppidan et al., 
2007), which is also higher than the phytate-bound P content in SBM, reportedly around 60% 
(Ravindran et al., 1994, Pontoppidan et al., 2007). Anti-nutrient content of SBM and CM is 
presented in Table 1.7. 
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Table 1.7 Anti-nutrient levels in soybean and canola meals 
 
 SBM CM 
Gluconilolates (µmol/kg) n/a 9000 
Phytate (g/kg) 15 40 
Protease inhibitors (g/kg) 3.1 n/a 
Saponins (mg/kg) 5000 n/a 
Tannins-total n/a 1.8 
n/a: data not available. Source: Glencross (2003, page 71) 
 
Canola type rapeseed meal has been tested to replace FM in diets for some fish species. 
Acceptable levels of CM was low in some species, such as 13 – 16% dietary protein for 
Chinook salmon, Oncorhynchus tshawytscha (Higgs et al., 1982, Satoh et al., 1998); 15% in 
diet for tilapia, Oreochromis mossambicus (Davies et al., 1990); and 20% in diet for rainbow 
trout (Thiessen et al., 2003). However, CM at a higher level in diets was accepted by other 
species, such as 31 - 36% in diet for channel catfish (Webster et al., 1997, Lim et al., 1998); 
60% FM protein replacement in diet for red seabream, Pagrus auratus (Glencross et al., 
2004b). These previous studies indicate that inclusion of CM in diets for fish is highly varied 
among different species. Therefore it is essential to determine the suitable inclusion level in 
diet for every individual species in culture. 
 
Similar to SBM, besides its availability, low cost is another important advantage of CM as an 
alternative ingredient in aquafeeds. Table 1.8 shows the prices of some common canola 
protein sources relative to that of FM using British Columbia herring meal as a standard. 
According to the review by Fenwick (1982), the price of canola protein was always lower 
than that of FM since the price of CM was only about half that of FM. Moreover, CM is 
cheaper than SBM (Higgs et al., 1995). Therefore, based on the availability and costs, canola 
protein is a potential alternative source for FM in animal feeds, including aquafeeds. 
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Table 1.8 Unit prices of protein in different sources 
 
Protein source US$/kg protein Relative % 
British Columbia herring meal 0.88 100 
Menhaden FM 0.72 81.8 
Upgraded CM (concentrate) 0.58 65.9 
CM 0.42 47.7 
Source: (Higgs et al., 1995) 
 
Table 1.9 Price comparison for CM and SBM in Australia 
 
Ingredient Price range 
(AUD/tone) 
Crude protein 
(%) 
Price equivalent per 
unit protein (AUD) 
SBM 450 - 600 44 – 48 10.22 - 12.50 
CM 280 - 400 35 – 37 8.00 - 10.80 
Source: Coffey (2005) 
 
1.5.3 Wheat gluten 
 
Wheat is one of the most important food crops for humans that are grown in temperate 
climates. The most common species cultivated in Europe is Triticum aestivum, ssp. Vulgare 
(Hertrampf and Piedad-Pascual, 2001). Wheat is usually milled to flour and the by-products 
include wheat bran, wheat pollard, wheat germ and wheat gluten. Wheat gluten (WG) is a 
high protein by-product remaining after extraction of starch from wheat grains (Davies et al., 
1997, Hertrampf and Piedad-Pascual, 2001). WG is a complex of water insoluble protein with 
elastic properties due to which it is often used as a feed binder in aquafeeds. Although the 
protein content of WG meal is rather high compared to other by-products, its lysine content is 
low. However, taking advantage of the low lysine content, WG meal has been used as a feed 
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component in many studies on the lysine requirement of fish, such as Atlantic salmon and 
rainbow trout (Davies et al., 1997). On the other hand, cysteine and overall protein of this 
ingredient are highly digestible for fish (Helland and Grisdale-Helland, 2006). 
 
WG is another interesting protein source for aquaculture feed. Protein from WG is highly 
digestible by many fish species, including rainbow trout (Pfeffer et al., 1995, Davies et al., 
1997); Atlantic salmon (Storebakken et al., 2000); European sea bass, Dicentrarchus labrax 
(Robaina et al., 1999); coho salmon, Oncorhynchus kisutch and rainbow trout, O. mykiss 
(Sugiura et al., 1998); and Atlantic cod, Gadus morhua (Tibbetts et al., 2006). In a study by 
Helland and Grisdale-Helland (2006) on Atlantic halibut, Hippoglossus hippoglossus, 
inclusion of WG at 30% of dietary dry matter did not affect fish growth, feed utilization 
efficiency and nutrient retention. Results from this study also showed that fish fed with diets 
containing higher WG had higher retention of lysine, methionine and arginine. Since lysine 
content is low in WG (Davies et al., 1997), it was recommended that lysine should be 
supplemented in diets with a high inclusion of WG.  
 
WG was more commonly studied in combination with other plant protein sources to replace 
FM in diets for aquatic animals. Gomez-Requeni et al. (2004) used a mixture of 36% corn 
gluten, 36% WG, 18% extruded peas, and 9% rapeseed meal as a plant protein source to 
replace FM in diet for gilthead seabream, Sparus aurata. This study showed that though the 
growth of fish decreased significantly with the increase of dietary plant protein, feed and 
protein efficiency ratios were higher. According to the authors, the depressed fish growth was 
attributed to the reduced feed intake by fish fed high dietary plant protein. In the study by 
Hansen et al. (2007), WG was used in combination with SBM and soy protein concentrate 
with the addition of crystallize methionine and lysine to replace FM in diets for Atlantic cod. 
This combination could be used to supply up to 50% of dietary protein without adverse effects 
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on fish growth and feed utilization. Chemical analyses of fish carcass in this study showed 
that methionine, lysine, arginine and threonine content decreased with an increase of dietary 
plant protein. This confirmed the low content of methionine and lysine in SBM as well as the 
low content of arginine and threonine in WG. Nevertheless, studies on the sole use of WG in 
diets for aquatic species are rare. The current study on the use of WG on Australian catfish 
could be an example for the sole use of WG in fish diets, to date. 
 
1.5.4 Meat and bone meal 
 
Meat and bone meal (MBM) is one of the by-products in the meat rendering industry. It has 
been used as a valuable ingredient in animal feeds since the 1950s (Hendriks et al., 2006, 
Tacon et al., 2006). MBM has a higher protein content and better indispensable AA profiles 
than that of plant protein sources, thus it could be used as an economical alternative for FM 
(Zhang et al., 2006). However, terrestrial animal by-product meals may be deficient in one or 
more essential amino acids, especially lysine, isoleucine and methionine (Tacon and Jackson, 
1985). Moreover, due to the recent spread of bovine spongiform encephalitis, the use of MBM 
has been restricted in many types of animal feeds. While MBM is prohibited in ruminant 
animal feeds in North America, it is banned in all animal feeds in many other countries, such 
as the United Kingdom (Forster et al., 2003). However, MBM is highly available. Indeed, the 
production of animal by-products is approximately two to three times greater than that of FM. 
The annual global production of MBM was approximately 15 million tonnes which was 50% 
of the total 30 million tonnes of animal by-products (Tacon et al., 2006). Therefore, if well 
accepted, MBM is a very promising alternative source for FM in aquafeeds. 
 
Research has shown that MBM could replace FM in diets of many aquaculture species but the 
again inclusion levels were highly variable dependent on the species of interest, the source of 
MBM, and the age or size of fish. The acceptable inclusion of MBM may also vary within the 
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species when using different sources of MBM. For example, with juvenile gibel carp, Yang et 
al. (2004a) successfully replaced 50% of FM by MBM without diminishing the growth of fish 
but with the same species, Zhang et al. (2006) found that only 20% of FM protein could be 
replaced with MBM. Other researches have shown a wide range of acceptable inclusion levels 
of MBM in diets of aquaculture species. Only 16.6% of dietary FM protein could be 
substituted by MBM in diet of juvenile red drum (Kureshy et al., 2000). Inclusion of MBM as 
25% dietary protein did not impair the growth of rainbow trout (Bureau et al., 2000). A 
minimum of 40% dietary FM protein could be replaced with MBM in diets of gilthead 
seabream (Robaina et al., 1997). In large yellow croaker, Pseudosciaene crocea, 45% FM 
replacement was the acceptable inclusion of MBM in the diet for this species (Ai et al., 2006). 
MBM was also tested to replace FM in diets for some crayfish species, including the 
freshwater prawn, Macrobrachium nipponense at 50% of FM protein replacement (Yang et 
al., 2004b); and the marine shrimp, Litopenaeus vannamei at up to 25% of FM replacement 
(Forster et al., 2003).  
 
Results from previous studies demonstrated that acceptable inclusion levels of MBM in fish 
diets were highly variable and dependent on (1) the source of MBM since MBM obtained 
from different commercial producers, produced by different process techniques, may have 
different nutrient profiles, particle size, energy content, and elemental composition (Forster et 
al., 2003); (2) the ability to adapt to MBM of the studied species that may result in different 
feed intakes and thus have different impact on growth of fish. Therefore, the use of MBM 
should be tested on individual species with the locally available ingredient. 
 
Replacement of FM with MBM, however, significantly increased the P waste of fish (Zhang 
et al., 2006). The reason could be the high P content of MBM, which is in the range of 4 – 
5%, higher than P content of FM (Cho and Bureau, 2001). Nitrogen waste is another 
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environmental concern as Robaina et al. (1997) found that higher amounts of nitrogen was 
excreted as the content of MBM in fish diets increased.  
 
1.6 Improving the use of alternative plant proteins in aquafeeds 
1.6.1 Supplementation of limiting AAs 
 
Plant protein sources are well known to have imbalanced AA profiles due to the low content 
of sulfur AAs, including methionine, cysteine, or lysine (Gatlin III et al., 2007). Though 
methionine and cysteine are the first limiting AAs in both SBM and CM (Tibaldi et al., 2006, 
Gatlin III et al., 2007, Hansen et al., 2007, Hernandez et al., 2007, Pham et al., 2007), CM 
contains higher methionine as percentage of protein compared to that of SBM (Dale, 1996). 
While lysine is highly available in SBM (Dale, 1996), lysine and arginine are the first limiting 
AAs in WG (Gatlin III et al., 2007, Hansen et al., 2007). Therefore, supplementing these AAs 
in diets with high inclusion of plant proteins has been reported to improve growth of many 
fish species (Gatlin III et al., 2007).  
 
The significance of free AA supplementation may be largely varied among different species. 
The effects may also be different when free AAs are used in different combinations (Ketola, 
1982). Indeed, Zarate and Lovell (1997) found that Channel catfish utilized protein bound 
lysine better than free HCl-lysine, although growth of the fish was improved when free lysine 
was supplemented. Ketola (1982) reported that the incorporation of single limiting AAs did 
not improve growth of Atlantic salmon fed with SBM based diets but the growth of the fish 
was significantly increased when all five limiting AAs, including lysine, methionine, 
threonine, valine, and leucine, were supplemented in the diet.  
 
The significant positive effects of L-Lysine.HCL supplement in a WG based diet for rainbow 
trout was observed by Nang Thu et al. (2007). In this study, fish growth was significantly 
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increased with the increase of dietary lysine levels. However, addition of lysine did not 
improve feed and protein efficiency of the fish. Supplementation of AAs in SBM diets has 
been a common practice. Floreto et al. (2000) supplemented SBM diets, at replacement of 25 
– 100% of FM protein, with a mixture of arginine, leucine, methionine, and tryptophan, fed to 
American lobster. This study revealed that up to 50% of FM protein could be substituted by 
SBM without any adverse effect on the growth of lobster when AAs were supplemented. 
Supplementation of methionine and lysine also had significant positive effects on the growth 
of gibel carp fed with diets containing graded levels of poultry by-product and MBM in the 
study by Hu et al. (2008). This evidence that adding limiting AAs into fish diets is a 
significant practice to improve fish growth when high levels of alternative protein sources are 
used in diets for aquatic species.  
 
1.6.2 Elimination of anti-nutritional factors 
 
Anti-nutrients are defined as substances that, by themselves or through their metabolic 
products, have interferences with the utilization of food and have impacts on health and 
production of cultured animals (Makkar, 1993). The common anti-nutrients in SBM and CM 
are listed in Table 1.10. Anti-nutrients may be classified as four different groups: (1) factors 
affecting protein utilization and digestion, including protease inhibitors, tannins, and lectins; 
(2) factors affecting mineral utilization, such as phytates, gossypol pigments, oxalates, and 
glucosinolates; (3) antivitamins; and (4) miscellaneous substances that include mycotoxins, 
mimosine, cyanogens, nitrate, alkaloids, photosensitizing agents, phytooestrogens and 
saponins. Anti-nutrients can also be grouped into heat stable or heat-labile substances based 
on their ability to withstand thermal treatments. Heat labile factors, effects of which can be 
removed or partially removed by heat treatment, include protease inhibitors, lectins, 
goitrogens, glucosinolates and antivitamins. Heat stable factors, effects of which are not 
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ceased by heat treatment, are saponins, non-starch polysaccharides, antigenic proteins, 
phytates, estrogens, and some phenolic compounds (Francis et al., 2001). 
 
Table 1.10 Anti-nutrients present in SBM and rapeseed meal 
 
Ingredients Anti-nutrients 
SBM Protease inhibitors, lectins, phytic acid, saponins  
Rapeseed meal Protease inhibitors, phytic acid, glucosinolates, tannins 
Source: Francis et al. (2001) 
 
Heat treatments have been reported to effectively reduce the content of heat-labile anti-
nutrients. Indeed, Burel et al. (2000) reported the significantly lower glucosinolates content of 
heat-treated rapeseed meal (26 µmol/kg) compared to that of untreated meal (40 µmol/kg). 
Heat-treatment is also an effective way to remove proteinase inhibitors, mainly trypsin 
inhibitors, in SBM and CM (Tibaldi et al., 2006, Gatlin III et al., 2007). Most commercially 
available oilseed meals are heat-treated to inactivate trypsin inhibitor and this process also 
frees the meals from anti-vitamins (Francis et al., 2001). 
 
Phytate, or phytic acid, is an important anti-nutrient in plant protein sources. Since they are 
heat stable, the common effective approaches to diminish their effects are 1) to remove phytic 
acids by processing; 2) to hydrolyse it using the enzyme phytase; or 3) to utilize single-gene 
mutant varieties of grains and oilseeds (Gatlin III et al., 2007). Of these methods, phytase 
treatment has been the most commonly applied method in aquafeeds, especially when SBM or 
CM is used as FM substitute. There are also different techniques of phytase application, 
including pre-treat raw ingredients before incorporating into diets and include directly in 
diets. However, the heat sensitivity of phytase has been an issue for the latter method since 
aquaculture feeds are often extruded at high temperature where the enzyme can be easily 
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inactivated or denatured. Baruah et al. (2004) reviewed that about 15 – 25% of phytase is 
reduced when pelleting the diet at 70oC and about 50% of the enzyme is inactivated when 
pelleting temperature is risen to 90oC. Therefore, pelleting at low temperature should be used 
when phytase is added into experimental diets. 
 
1.7 Phytate phosphorus in plant protein sources 
 
Phosphorus (P) is an essential element in diets of all vertebrate animals (Sugiura et al., 2004). 
It plays major roles in metabolic processes and has significant impacts on different biological 
processes of animals. Though growth of fish was not very responsive to dietary P in some 
studies, generally dietary P significantly supported growth of fish. The proximate 
composition, especially ash, P, and fat of fish are highly sensitive to dietary P content (Bureau 
and Cho, 1999, Sugiura et al., 2004). Many studies have found the positive correlation 
between the ash, P and Ca content of fish and the P concentration of the diet. Conversely, fat 
content of fish has been found to be negatively correlated to dietary P. Dietary P also has 
significant impacts on the disease resistance and bone deformities of fish as it influences 
significantly the development of the immune system as well as the formation of the bony 
skeleton of fish (Sugiura et al., 2004). Therefore, the P content of fish diet is important for the 
maintenance of good growth performance and disease resistance of fish.  
 
Although a wide range of alternative plant protein sources have been tested for their potential 
to substitute FM in aquafeeds, SBM and CM may be the two most promising alternatives. 
However, phytate content, one of many anti-nutritional factors of oilseed meals, has been a 
major constraint for the use of these ingredients. Phytate content is often varied among oilseed 
meals and has been reported to be present in SBM and CM at the levels of 10–15 and 50–75 
g/kg, respectively (Francis et al., 2001). While up to 80% of phosphorus in oilseed meals is 
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stored in the form of phytate (Papatryphon, 2000, Baruah et al., 2004, Godoy et al., 2005, Cao 
et al., 2007, Gatlin III et al., 2007), it is practically unavailable to monogastric and agastric 
animals since they lack intestinal phytase for the hydrolysis of phytate during digestion (Cao 
et al., 2007). Therefore, most of phytate P is ultimately discharged into water in fish culture 
and may consequently cause pollution in surrounding water (Liebert and Portz, 2005). The 
availability of minerals, vitamins, and proteins is also affected by the presence of dietary 
phytate. It usually lowers the overall nutrient value of the ingredient as well as the feed. As a 
result, inclusion of raw oilseed meals often retards growth and feed utilization efficiency of 
fish. Phytase has usually been used in such feeds as a solution to improve growth performance 
and nutrient utilization efficiency of animals as well as reduce P waste from aquaculture 
systems (Baruah et al., 2004, Debnath et al., 2005). 
 
1.7.1 Phytic acid 
 
Being a major storage form of P in cereals, legumes, and oilseeds, phytic acid plays important 
roles in various physiological functions. It also influences the functional and nutritional 
properties of these plant protein sources when they are used as feed ingredients for animals 
(Kerovuo, 2000). In seeds and grains, phytic acid may have five main physiological roles 
(Cosgrove, 1980; cited by Papatryphon, 2000), including (1) phosphorus reserve; (2) energy 
store; (3) competitor for ATP during rapid biosynthesis near maturity; (4) Immobilizer of 
divalent cations needed for control of cellular processes; and (5) regulator of the level of 
inorganic phosphate. Phytic acid is chemically described as myo-inositol 1,2,3,4,5,6-hexakis 
dihydrogen phosphate (Kerovuo, 2000, Papatryphon, 2000). It is commonly found in cereals, 
legumes and oilseed in the form of phytate, a mixed potassium, magnesium and calcium salt 
of phytic acid. Phytic acid also binds to proteins over a wide range of pH, lowering the 
solubility and digestibility of plant proteins (Kerovuo, 2000). In the study by Harland and 
Morris (1995), in vitro interaction between protein and phytic acid by incubating 10 mg 
 37 
phytic acid with a protein containing 10 mg N at room temperature in 1 hour showed strong 
evidence that phytic acid – protein interactions negatively affected protein digestibility. 
Complexes of phytic acid with protein and minerals have been attributed to the low 
availability of phosphorus in many oilseed meal by-products for fish and monogastric animals 
(Gatlin III et al., 2007). Amongst many minerals bound to phytic acid, bioavailability of zinc 
appears to be most affected (Kerovuo, 2000). Phytic acid is also inhibits pepsin and trypsin 
activity which consequently reduces protein digestibility of the ingredients.  
 
1.7.2 Phytase 
 
Phytase is an enzyme chemically known as myoinositol-hexaphosphate phosphohydrolase, 
which is present in plant, animal, or microorganisms (Papatryphon, 2000, Baruah et al., 2004, 
Cao et al., 2007). Microbial phytases derived from filamentous fungi, such as Aspergillus 
ficuum, Mucor piriformis, and Cladosporium species, have been the most commonly used in 
scientific works (Stefan, 2005; cited by Cao et al., 2007). Though the first phytase activity 
was detected about a century ago, the use of phytase as a feed enzyme was only initiated after 
1962 in North America and mainly focussed on poultry and pigs. While phytase has been 
shown to improve feed utilization of poultry and swine since early the 1900s, studies on fish 
only started after the mid-1990s (Cao et al., 2007). Therefore, phytase use in fish is still in the 
early stage and more research is still required in order to build fundamental knowledge about 
the application of phytase in fish feed. 
 
Since it has long been studied on terrestrial animals, production of phytase has been 
commercialized. The first commercial phytase product was Natuphos, introduced in 1991 
which was derived from Aspergillus niger (Cao et al., 2007, Lei et al., 2007). Since then 
several different phytase products have been commercially produced. Nowadays, phytase is 
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commercially available in different forms, including powder, granulate, or liquids. Table 1.11 
shows different types of commercial phytase with their sources and strains. 
 
Table 1.11 Commercially available phytase enzymes (Cao et al., 2007) 
 
Company Country Phytase source Production strain Trademark  
AB Enzymes Germany Aspergillus awamori Trichoderma reesei Finase 
Alko 
Biotechnology 
Finland A. oryzae A. oryzae SP, TP, SF 
Alltech USA A. niger A. niger Allzyme phytase 
BASF Germany A. niger A. niger Natuphos 
BioZyme USA A. oryzae A. oryzae AMAFERM 
DMS USA P. lycii A. oryzae Bio-Feed Phytase 
Fermic Mexico A. oryzae A. oryzae Phyzyme 
Finnfeeds 
International 
Finland A. awamori T. reesei Avizyme 
Genencor 
Internationa 
USA Penicillium 
simplicissimum 
P.  funiculosum ROVABIO 
Royal Finland A. awamori T. reesei Finase 
Novozymes Denmark A. oryzae A. oryzae Ronozyme 
Roxazyme 
 
Cao et al. (2007) described phytase enzymes to be structurally categorized as 3-phytase and 6-
phytase. The former is derived from A. niger, being the first characterized and 
commercialized phytase and the latter is derived from Peniophora lycii and Enterococcus 
coli. The fungal phytase is said to be more heat stable than the bacterial derivations. The 
names of these two types of enzyme also represent the site where the hydrolysis of phytate 
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molecule is initiated. The 3-phytase liberates the P moiety at the position C3 while 6-phytase 
action commences at C6 of the hexaphosphate ring. Phytase enzymes can also be classified as 
acid or alkali enzymes dependent on their activity at the specific pH. Acid phytase has the 
optimum pH of 5.0 while that of alkali phytase is 8.0 (Cao et al., 2007). Phytase has also been 
derived from some other micro-organisms such as protozoans, plants and animal tissues (Lei 
et al., 2007). 
 
Phytase enzymes derived from different sources have different enzymatic activity per unit of 
weight. Phytase unit (FTU or U) is used to quantify the enzyme activity of phytase. One FTU 
is defined as the quantity of enzyme that liberates 1 micromole of inorganic P per minute 
from 0.0015 mol/L sodium phytate at pH 5.5 and 37oC. This unit helps to unify the use of 
different enzyme products derived from different sources, which always have different 
enzymatic activity (Eeckhout and De Paepe, 1994). 
 
 
Thermo-stability is another important characteristic of phytase that needs to be carefully 
considered when using in fish feeds. Different sources of phytase have different temperature 
optima, at which they have maximum activity. The maximum temperature that a phytase 
enzyme can withstand is also varied among the sources dependent on their chemical 
properties. Table 1.12 shows optimum pH and temperature for some common sources of 
microbial phytase. 
 
Table 1.12 pH and temperature optima for some phytase sources 
 
Phytase source pH Temperature (oC) 
A. oryzae 5.5 50 
A. niger 2.2; 5.0 – 5.5 58 
Penicillium caseoicolum 3 45 
Escherichia coli 4.5 55 
Source: Kerovuo (2000) 
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1.7.3 Significance of phytase in FM replacement diets 
 
 
Previous studies have shown that addition of phytase into fish diets generally improved 
growth performance of fish fed with diets containing high proportion of plant protein sources, 
especially SBM and CM. However, the phytase actions were highly varied depending on 
various factors, including species of fish, type of enzyme, treatment methods, etc. Biswas et 
al. (2007), in a study on the effects of phytase supplementation in diets for red seabream, 
found that a dose of 2000 FTU/kg feed improved significantly the growth performance of fish 
fed a diet containing 30% SBM as FM replacement. In Nile tilapia, Oreochromis niloticus, 
incorporating 3-phytase at the level of 750 FTU/kg into a plant based diet significantly 
enhanced growth performance of the fish compared to that of fish fed the plant only diet 
(Liebert and Portz, 2005). Sajjadi and Carter (2004a) observed the effects of dietary phytase 
on growth and P utilization of Atlantic salmon when added into CM diet at the dose of 2000 
FTU/kg. Ai et al. (2007) found that dietary phytase at the level of 500 FTU/ kg was not 
sufficient to improve growth performance of Japanese seabass, Lateolabrax japonicus. 
Similarly, Yoo et al. (2005) obtained no significant improvement in the growth of Korean 
rockfish, Sebastes schlegeli, when supplying phytase at levels of 1000 or 2000 FTU/ kg to the 
diets, in which 30 or 40% of FM protein was replaced by SBM. Generally, the effectiveness 
of phytase varied among the studied aquatic animals that suggested the need for the 
determination of appropriate dietary phytase dose for individual species using locally 
available sources of the enzyme. 
 
Dietary phytase also improved feed and protein utilization efficiency of fish in previous 
studies. Indeed, enhanced feed consumption and feed conversion efficiency was observed 
when phytase was added at certain levels. However, an overdose of phytase generally did not 
further improve feed utilization efficiency of fish. Indeed, phytase at the dose of 2000 FTU/kg 
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feed significantly improved feed and protein utilization of red seabream but a higher dose did 
not result in better performance (Biswas et al., 2007). Both 3-phytase and 6-phytase have 
been reported to have significant effects on protein digestibility of plant based diet for Nile 
tilapia at the dose of no more than 750 FTU/kg (Liebert and Portz, 2007). 
 
There is also evidence that dietary phytase effectively improved bioavailability of P for fish 
and reduced P waste of fish. In a study on Japanese flounder, Paralichthys olivaceus, 
Masumoto (2001) found that SBM diets either pretreated or supplemented with phytase 
significantly improved P availability. Although the pretreatment method resulted in slightly 
higher digestibility values compared to the supplementation method, this author 
recommended the supplementation method as it was practically convenient. Similarly, 
digestibility of dietary P for S. schlegeli was reported to increase with the increase of dietary 
phytase levels (Yoo et al., 2005). Liebert and Portz (2005) reported the significantly increased 
P utilization by Nile tilapia fed with phytase added diets at the dose of 750 FTU/kg. This 
study also indicated that dietary phytase reduced phytate P content of fish feces which 
potentially had significant effects on water pollution. Other studies confirmed that phytase 
supplementation significantly improved dietary P digestibility for Atlantic salmon 
(Storebakken et al., 1998, Sajjadi and Carter, 2004a) and rainbow trout (Vielma et al., 2004) 
fed with plant based diets. The latter study on rainbow trout also exhibited the improved zinc 
digestibility of the diet for the fish when phytase was supplemented. Moreover, digestibility 
of copper, manganese and magnesium of CM for rainbow trout was improved when phytase 
was added to CM based diet as found by Cheng and Hardy (2002). Results from these studies 
indicated that phytase not only significantly enhances the utilization of P but also improves 
the utilization of some other nutrients, such as calcium and zinc. However, these effects were 
again inconsistent between species and tended to be species specific. Therefore, separate 
studies are needed to investigate the effects of phytase on different individual fish. 
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1.7.4 Methods of using phytase in fish feeds 
 
According to Cao et al. (2007), phytase has been incorporated into fish feed in a number of 
ways, including (1) spraying onto pellets; (2) pre-treating or dephytinizing ingredients prior to 
addition into fish feeds; and (3) adding into fish feed as an ingredient. Incorporation appears 
to be the most common method in phytase research. Phytase is often added into feed at 
different levels and growth performance, nutrient digestibility, and nutrient utilization 
efficiency are the most common parameters to evaluate effects of phytase on fish. Attempts 
have also been made to compare the efficacy of incorporating and pre-treating methods but 
inconsistent results have been reported. There have been many methods for pre-treating plant 
ingredients. Denstadli et al. (2007) incubated soy protein concentrate and wheat flour at 45oC 
for 1 hour with the dose of 2900 FTU/kg, and found that 66% of phytate-bound P was 
reduced after the treatment. Digestibility of P was higher in fish fed the phytase pretreated 
diet than in fish fed the control and the phytase coating diet. Storebakken et al. (1998) 
incubated soy concentrate by mixing 12 kg of soy concentrate with 46 litter of water and 
incubating with phytase at 40oC for 2 hours before adding another 1 kg of soybean 
concentrate and incubating overnight. Although pre-treating appears to result in better effects, 
incorporating is more practically applicable to fish feeds. 
 
1.8 Pesticides and their impacts on fish 
 
Unlike terrestrial farming systems, aquaculture systems are interactive with the surrounding 
environment, which makes them highly vulnerable to many kinds of water-borne pollution, 
including point source and non-point source contamination. Therefore, while aquaculture 
causes pollution of the surrounding environment, it is directly affected in the same way by 
many pollutants from the environment. Nowadays, as more chemicals are used in agricultural 
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farms, aquaculture systems are more likely to be affected by these chemicals, especially 
different types of pesticides and insecticides. Besides the immediate impacts of these 
chemicals, including the stress to, and death of, aquaculture animals by exposure to lethal 
concentrations, intermediate and long term effects of sub-lethal concentrations of pesticides 
have been reported, such as poor reproduction capability, physiological malfunctions, poor 
growth performance, changes in metabolism, etc (Woltering, 1984, Lal and Singh, 1986, Gill 
et al., 1990, Gimeno et al., 1994, Tripathi et al., 2003, Harford et al., 2005, Velmurugan et 
al., 2007, Kavitha and Rao, 2008). All these changes may have considerable impacts on 
aquaculture species and thus are detrimental to aquaculture productivity. 
 
Organophosphate (OP) pesticides are the most widely used agricultural chemicals, being 
alternatives for chlorinated hydrocarbons (Harford et al., 2005, Somnuek et al., 2007, 
Chawanrat Somnuek et al., 2009). OP pesticides are considered less hazardous than 
chlorinated hydrocarbons since they are less persistent and degradable (Cleveland and 
Hamilton, 1983). However, with the rapid development and the increased needs for pest 
controls from agriculture, there is a growing concern worldwide over the indiscriminate use of 
these pesticides, resulting in environmental pollution and toxicity risks to many non-target 
organisms, including fish.  
 
The pest control mechanism of these chemicals are based on their inhibition of the brain 
enzyme acetylcholinesterase (AChE), an enzyme essential for neurotransmission in all 
animals, causing nerve disruption or death (Chandrasekara and Pathiratne, 2007, Kavitha and 
Rao, 2008). Due to the inhibition of brain AChE, hyperactivity and lethargic motion are the 
common symptoms in fish exposed to high concentrations of OP pesticides, which eventually 
cause death (Kavitha and Rao, 2008). Pesticides enter water bodies in many ways, including 
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spray drift, leaching from soil and water, and run off from agriculture (Chandrasekara and 
Pathiratne, 2007). 
 
Responses to OP pesticides are generally dependent on the active compound, exposure time, 
exposure dose, and the target species (Rao, 2006). Besides the simplest lethal effects by high 
dose exposure, OP pesticides have been reported to have major impacts on growth of fish at 
sub-lethal concentrations. Indeed, Jarvinen and Tanner (1982) found significant negative 
effects of OP pesticides on growth of fathead minnow juveniles, Pimephales promelas, 
exposed to sub-lethal concentrations of Dursban and Diazinone. Similarly, Cleveland and 
Hamilton (1983) exposed rainbow trout, Salmo gairdneri and channel catfish to the defoliant 
S,S,S-tributyl phosphorotrithioate, a type of OP pesticide, for 30 to 90 days. Growth of both 
species was significantly impaired after exposure to the pesticide, though each species was 
affected at different exposure concentrations. These studies showed that, (1) each species may 
respond differently to different types of pesticides; (2) different fish species may withstand 
different exposure concentrations and thus may be affected differently by the same type of 
pesticide. 
 
For toxicity testing purposes, many researchers have concluded that growth of fish is very 
sensitive to pesticide exposure, especially fry and early juvenile fish. Therefore, the growth of 
young fish has been suggested as an indicator for the effects of pesticide contamination in 
aquatic environments. Indeed, in the review by Woltering (1984), growth response has been 
used as a toxicity test for many chemicals, including pesticides, on many fish species. Nagel 
et al. (1991) made the same conclusion when exposing zebrafish, Brachydanio rerio, to 
different concentrations of 3,4-Dichloroaniline. Table 1.13 presents the growth sensitivity of 
different species to different types of pesticides as reviewed by Woltering (1984). 
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Table 1.13 List of growth response reference of some fish species which have been used as 
sensitive toxicity tests for selected pesticides (from Woltering, 1984) 
 
Pesticides Species Reference 
Trifluralin Sheephead minnow Ward, 1980 
Dursban Fathead minnow Jarvinen, 1982 
Endrin Sheephead minnow Hansen et al. 1977 
Endrin Flag fish Hermanutz, 1978 
Pentachlorophenol Rainbow trout Hodson, 1981 
Pentachlorophenol Fathead minnow Holcombe, 1982 
Picloram Lake trout Woodward, 1976 
Diazinon Flag fish Allison, 1971 
Diazinon Fathead minnow Jarvinen, 1982 
Lindane Brook trout Macek et al. 1976 
Methylparathion  Fathead minnow Jarvinen, 1982 
 
Many of these studies exposed fish to pesticides for long continuous periods. This exposure 
method may not be similar to the real exposure situation in the field where fish may only be 
exposed to pesticide for a short period of time during spraying and subsequently contaminated 
water is washed away by water currents. This type of study on the effects of OP pesticides in 
pulse exposures on fish has been rarely found. Recent research conducted by Cong et al. 
(2009) on the effects of repeated exposure to diazinon on the growth of snakehead fish, 
Channa striata, confirmed the detrimental effects of the OP pesticide on the growth with up 
to 30% growth inhibition. In addition, this study reported a significant and long term 
inhibition of brain AChE of fish, which has been reported in many previous studies (Cong et 
al., 2006, Chandrasekara and Pathiratne, 2007, Kavitha and Rao, 2008). 
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Exposure of fish to OP pesticides has been reported to have effects on many other metabolic 
enzymes as well as metabolic activity of fish. Kavitha and Rao (2008) reported the decreased 
activities of antioxidant enzymes, including catalase, superoxide dismutase, and glutathione 
reductase, in the chlorpyrifos exposed mosquito fish, Gambusia affinis. Nataranjan (1984) 
observed the significant inhibition of the oxidative enzyme succinic dehydrogenase in gill, 
brain, muscle, liver, and kidney of the freshwater air-breathing fish, Channa striatus, exposed 
to sub-lethal concentration of metasystox, indicating the depression of cellular metabolism. At 
the same time, this author found an increase in the enzyme lactic dehydrogenase 
concentration in all above tissues, which in collaboration with the decrease of succinic 
dehydrogenase confirmed a significant change in metabolism of the exposed fish. In addition, 
Hai et al. (1997) reported the decrease of glutathione and the increase of glutathione 
peroxidase and catalase in tissues of many internal organs of common carp exposed to 
dichlorvos. Pesticide exposure may also affect the biochemical properties of fish. Tripathi et 
al. (2003) found that lactate content in liver and muscle of the freshwater teleost fish, Channa 
punctatus, exposed to dimethoate was decreased while the pyruvate content of these tissues of 
the fish increased, which could implicate a change in the metabolic activity of the exposed 
fish. The impact of pesticide exposure on these metabolic enzymes may also have significant 
impacts on growth of exposed fish. 
 
Further, OP pesticides are also known to influence many behavioral activities of fish as well 
as to cause physical damage to internal organs. Indeed, Kavitha and Rao (2008) observed a 
change in the locomotor behavior of mosquito fish when exposed to chlorpyrifos. These 
authors attributed this behavioral change to the accumulation of AChE at synaptic junctions 
when AChE is inhibited. These authors also observed that fish under chlorpyrifos exposure 
stress showed symptoms of dullness, loss of equilibrium, loss of feeding, and erratic 
swimming. Among the internal organs, gills and liver are the most affected by being exposed 
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to pesticides, including OP pesticides. Sancho (1997) found that exposure to OP pesticides 
damaged gills and impaired liver metabolism of the European Eel, Anguilla anguilla. This 
author also reported a reduction in blood protein in fish exposed to OP toxicants. Damage to 
gills, liver and intestine of the fish, Corydoras paleatus was also reported by Fanta et al. 
(2003) when fish were exposed to sublethal concentration of OP pesticides. 
 
Since the impacts of OP pesticides are diverse, dependent on species, types of chemical and 
time of exposure, studies should be conducted on a particular species of interest to evaluate 
the impact on aquaculture productivity of that species. Moreover, there has been no study on 
the impact of OP pesticide exposure on nutrient assimilation of fish, which is vital in the 
efficacy of fish production. In addition, it is of interest to determine the recovery of fish when 
pesticide exposure is removed. 
 
1.9 The Australian native catfish, Tandanus tandanus Mitchell 1838 
 
The freshwater catfish, Tandanus tandanus, belongs to the family Plotosidae, which is 
distinguishable to other catfish species by the tapering appearance of the joined second dorsal, 
caudal and anal fins, forming the eel-tail instead of a fork-tail. Therefore, the freshwater 
catfish is also known as the eel-tailed catfish. It is also known as some other names, such as 
jewfish, tandan or kenaru (Davis, 1977a, Clunie and Koehn, 2001).  
 
The Australian catfish are endemic to much of the Murray-Darling Basin of south eastern 
Australia. Australian catfish also occur in coastal rivers of both eastern Australia, but their 
taxonomic relationship to catfish of Murray-Darling basin is unclear. There are different 
species of Eel tailed Catfish in Australia but Tandanus tandanus is the native species in NSW. 
The fish can change its color to match with the color of the habitat, hence it has been seen in 
different color from golden to dark blue (Aussie catfish General Information). This may grow 
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to about 915 mm in length and weigh 6.8 kg, although different sizes of caught fish have been 
recorded in many sources (Davis, 1977b, Clunie and Koehn, 2001). 
 
Source: bigguapote.tripod.com/aussiefish.html 
 
Figure 1. 1 The Australian native catfish, Tandanus tandanus. 
 
The alimentary canal is not specialized in this species. The fish do not have a true stomach but 
do have a larger than expected intestine. Their teeth are small and conical. Though solid gill 
rakers exist, they are not really tailored for grasping or crushing. As a result, the species has 
been placed between extreme herbivores and extreme carnivores for their feeding behavior 
and it has been classified as an opportunistic carnivore capable of exploiting a wide range of 
food sources, from open foraging for large active prey to 'grubbing' in the substrate for minute 
insect larvae (Davis, 1977b, Clunie and Koehn, 2001). 
 
Slightly different to the majority of catfish species, which feed on benthic invertebrates rather 
than on fish, demonstrating that T. tandanus has a wide range of prey listed by Davis (1977b) 
in Table 1.14, which showed that fish and mollusc are important in the diets for the fish in 
term of prey weight although Diptera occurred at the highest frequency in the digestive tract 
of the sampled fish. According to Clunie and Koehn (2001), catfish may use their sensory 
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papillae to locate food rather than using sight and as a result the ponds they occupy are 
usually muddy.  
 
Table 1.14 Mean percentage composition of food items of catfish (Davis, 1977b) 
 
Methods 
Food category 
Numbers Occurrence Weight 
Entomostraca 1.2 4.0 <0.1 
Diptera 89.0 23.4 5.8 
Coleoptera & Hemiptera 0.5 7.2 0.4 
Mollusca 0.9 6.9 1.3 
Ephemeroptera 0.3 5.6 0.4 
Trichoptera 0.2 4.0 0.4 
P. atacta 0.2 4.5 1.2 
Odonata 0.2 4.4 3.2 
H. klunzingeri 0.2 11.7 4.7 
M. Australiense 0.6 17.5 43.5 
C. neopunctatus <0.1 4.7 26.5 
Terrestrial 6.9 6.9 12.6 
 
 
Aquaculture of this species was attempted in the early 80’s but failed to develop due to some 
simple problems, including: 
 
1/ Shortage of supply of fingerlings. This has now been resolved as many of the 
hatcheries around Victoria (Wartook Native Fish Culture), NSW (Namoi Valey Native 
Fish Farming), and Queensland (Hanwood Fish Hatchery Pty Ltd), have been able to 
artificially breed the fish. 
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2/ Difficulty of handling due to the sharp spines of their pectoral fins. However, other 
catfish such as the Asian catfish, African catfish, Clarias hybrid catfish also have the 
same sharp spines but they are all easily handled in many other countries. 
 3/ The fish has an ugly appearance. This is probably the most important reason that 
inhibited the development of aquaculture of this species. However, this needs to be 
reconsidered as migrants from many other countries, especially Asian countries, do not 
consider catfish an ugly fish and buy imported frozen catfish for their meals. Therefore, 
this species has the potential for aquaculture development in the future. 
 
Since the aquaculture industry for the species failed to develop, their wild catch production 
declined dramatically from “fairly abundant” during 1970-1971 to become a “fully protected” 
species in most of the regions of the country at present (Figure 1.2). 
 
(Source: Clunie and Koehn, 2001) 
 
Figure 1. 2 Commercial catch of freshwater Australian catfish in South Australia between 
1968/69 and 1996/97  
 
This species is still however considered one of the premier table fish by many country people 
(Eel tailed catfish-http://www.dpi.nsw.gov.au/fisheries/recreational/freshwater/fw-species/eel-
tailed-catfish). There have also been some promotions, such as a cooking guide produced by 
ABC Darwin teaching people to cook catfish with cream sauce. Catfish is said to have good 
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table quality, white and firm flesh with no off flavor (http://www.fishvictoria.com/the-
fish/freshwater-fin-fish-(native)/catfish/; http://www.nswaqua.com.au/information-
catfish.html). Moreover, scale-less and boneless fillets are other advantages of the fish. In 
addition, the Australian native catfish has great aquaculture potential, when the huge industry 
of a similar species, the channel catfish in the United States of America is considered 
(Aquaculture-SA, 2004). 
 
B. The overall objectives of the current study 
 
1/ To determine the impacts of alternative ingredients, including soybean meal, canola meal, 
wheat gluten, meat and bone meal, on the growth performance, nutrient utilization, and 
waste production of Australian catfish. 
2/  To evaluate the effectiveness of dietary nutrient supplements, including phytase, amino 
acids, and inorganic phosphorus, in improving growth performance, nutrient utilization, 
and waste production of the fish.  
3/  To provide a comprehensive study on the use of different alternative ingredients in diets 
for a single example species in relation to its feeding behaviour. 
4/ To evaluate the effects of environmental contamination, using chlorpyrifos as a 
contaminant, on growth performance and nutrient utilization of the fish. 
 
Each chapter of this thesis has been formatted according to the respective submitted research 
papers. 
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CHAPTER 2: GENERAL METHODOLOGY 
 
2.1 Fish source, holding conditions and acclimation 
 
All handling and experimental procedures in this study were in accordance with RMIT 
Animal Ethics Committee permit number AEC0614 2006. Fish used for all experiments were 
procured from Namoi Valley Aquafarming Pty. Ltd. (Narrabri, New South Wales, Australia). 
Fish were acclimated for 1 month in 2000 L flow-through fibre glass tanks before being used 
for experiments (Figure 2.1). During acclimation, fish were fed twice daily to satiation with 
Ridley Native Fish Commercial Feed with a crude protein and lipid content of 52% and 12%, 
respectively. Prior to the experiments, fish were stocked in experimental tanks and acclimated 
to the experimental feeds and tanks for 2 weeks, during which time all experimental fish were 
fed with a blend of experimental diets to ensure that they accepted the experimental diets and 
holding conditions. All experimental fish were used in one experiment only and were either 
euthanased or sent to other aquatic facilities as appropriate. 
 
Temperature, pH and dissolved oxygen concentration were checked regularly to ensure the 
optimum water quality for fish. The diurnal cycle was maintained as 12h-light and 12h-dark, 
which was also the diurnal cycle during each experimental period. The holding period ended 
when fish reached the experimental size (i.e. 5g or larger). Experimental tanks were 
connected to a flow-through water system, which ensured the maintenance of good water 
quality during the course of all experiments (Figure 2.2). 
 
Prior to experiments, fish of a similar size were randomly selected and stocked into 
experimental tanks to acclimate for at least 1 week, depending on how well fish adapted to the 
experimental feeds and tanks. During the experimental acclimation periods, fish were fed 
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twice daily to satiation with the blends of the appropriate experimental diets. The 
experimental acclimation ended when fish actively accepted the experimental feeds.  
 
 
Figure 2.1 Holding tanks for acclimation of fish 
 
 
Figure 2.2 Experimental tanks connected to a flow-through water system 
 
2.2 Fish diet formulation 
 
Feed ingredients were provided by Ridley Aquafeed Australia (Narangba, Queensland, 
Australia). CM was provided by Riverland Oilseed Processor (Numurkah, Victoria, 
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Australia). Carboxymethyl cellulose, used as a feed binder, was purchased from Chem-Supply 
Australia Pty. Ltd. (Port Adelaide, South Australia, Australia). Proximate composition of feed 
ingredients were analysed prior to diet formulation. 
 
Experimental feeds were formulated using Microsoft Excel 2003. The solver function was 
used to calculate the constitution of each ingredient in order to produce a fishmeal based diet 
with a pre-determined protein content and energy level, which was used as the control diet. 
Fishmeal replacement diets were then formulated by substituting a predetermined proportion 
of FM protein in the control diet with the same amount of protein from alternative sources, 
including SBM, CM, MBM, and WG. Wheat flour constitutions in experimental diets varied 
slightly between the diets when fishmeal content was altered. α-cellulose was used as a filler 
to keep the energy level of all experimental diets the same.  
 
2.3 Preparation of experimental feeds  
 
The general feed preparation process is shown in Figure 2.3. Although the overall process was 
similar for all experimental diets, there was a minor difference in preparing feeds with and 
without phytase, detailed in the below sections. 
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Figure 2.3 Steps in preparation for experimental feeds 
 
 
2.3.1 Feeds without phytase 
 
Prior to mixing, feed ingredients were ground with a blender and passed through a 400µm 
sieve. All ingredients were first thoroughly dry hand-mixed. Fish oil was then added and 
mixed again before adding water to form a dough blend of feed ingredients for pelleting. 
Noodle-like feed pellets, which were then broken to make 2-mm die pellets, were prepared 
using a kitchen meat mincer. Wet pellets were dried at 45oC using a food ventilative 
dehydrator to produce dry sinking pellets with approximately 8 – 10% moisture. Experimental 
feeds were stored at 4oC prior to use.  
 
2.3.2 Feed with phytase 
 
Since phytase is very unstable, preparation of phytase containing diets was different from that 
of feeds without phytase.  
- Phytase preparation: In order to evenly mix phytase to the feed mixture, phytase 
enzyme in granular form was first broken and dissolved in distilled water. A 
+  
 
Water 
Breaking 
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predetermined amount of phytase was weighed into a beaker, 50mL of distilled water 
was then added and the mixture was stirred using a magnetic stirrer for 1 hour. 
- Ingredients mixture: after mixing all ingredients and adding fish oil, the prepared 
phytase solutions were added and the feed mixture was then mixed well again before 
pelleting as described in 2.3.1. 
- Phytase containing feeds were dried at 30oC for a prolonged period to produce dry 
feed, containing 8 – 10% moisture.  
 
2.4 Analysis of proximate composition of feed and fish carcass 
 
Proximate analyses of feed ingredients, experimental diets, and whole fish carcass were 
conducted in duplicate based on the procedures of the AOAC (1990). The analyses include 
crude protein by the Kjeldahl method; crude fat by petroleum ether extraction using the 
Soxhlet method; moisture by drying to constant weight at 105°C; and ash by incineration in a 
LABEC muffle furnace at 550°C for 16 hours. AA content of main feed ingredients was 
analysed by the Australian Proteome Analysis Facility Ltd (Sydney, New South Wales, 
Australia). The method involved the first step of liquid hydrolyses in 6M HCl at 110°C in 24 
hours, followed by Waters AccQTag Ultra chemistry for duplicate analyses of AA. Crude 
fiber content of feed ingredients was analysed by FeedTest Australia (Hamilton, Victoria, 
Australia). Phytate phosphorus content of wheat flour and soybean meal was determined, 
following AOAC Method 986.11, by Symbio Alliance Laboratory Service (Eight Mile Plains, 
Queensland, Australia). A detailed description of method is provided in the Appendixes. 
 
2.5 Mineral analysis 
 
Mineral content of feed ingredients, experimental diets and fish carcasses was analysed 
following the method described by AOAC (1990), briefly as follows. About 1 – 2 g of sample 
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was dry-ashed in a muffle furnace at 550oC for 4 hours. After cooling the ash to room 
temperature, 5mL of 6N HCl was added and each sample was boiled gently for 10 minutes. 
The phosphorus content of samples was then measured using the vanadomolybdophosphoric 
acid colorimetric method (AOAC, 1990). Trace and major element content in fish carcass 
were determined following the dry ash method (AOAC, 1990). Samples were incinerated at 
550oC for 4 hours and digested in hydrochloric acid. The mineral content was measured using 
a Varian SpectrAA-220 Atomic Absorption Spectrophotometer.  
 
2.6 Analysis of phosphorus in water 
 
All water samples were analysed fresh thus no treatments or preservation methods were 
applied. At the scheduled times, water was sampled at the centre of the tanks and water 
samples were contained in 500mL plastic bottles, which were then subjected to the total and 
ortho phosphorus content analyses. For ortho phosphorus (ortho P), water was filtered fresh 
after collection using 1µm glass filter paper under vacuum for faster process. Approximately 
50mL of water was filtered and the filtrate was collected. 25mL of filtrate was used for 
determination of soluble P in water using the molybdovanadate colorimetric methods, 
described by Boyd and Tucker (1992). Unfiltered water samples were digested in the presence 
of sulphuric acid 30% and potassium persulphate as a catalyst. Digested samples were then 
analysed for ortho P following the same method as above. Details of phosphorus analytical 
methods can be found in Appendix 4. 
 
2.7 Analysis of ammonia and nitrite in tank water 
 
Ammonia and nitrite concentrations in tank water were analyzed following the methods 
described by Boyd and Tucker (1992). The detailed procedures are described in Appendix 6. 
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2.8 Phytase activity analysis 
 
Phytase activity was determined following the method described by Eeckhout and De Paepe 
(1994), briefly as follows. About 100 – 200 mg of finely ground samples were weighed into 
volumetric flasks, which were then filled with sodium phytate solution pH 5.5 (Sigma P5691). 
The solutions were shaken for 15 minutes in an automatic shaker and then incubated in a 37oC 
water bath. After ten minutes, 2mL of the incubated solutions was pipetted into test tubes 
containing 2mL of 10% trichloro-acetic acid. After another 70 minutes, another series of 2mL 
incubated solutions were taken and treated as above. All the acidified samples were filtered 
using glassfiber filter paper under vacuum. Filtered samples were then treated with colour 
reagent and the phosphorus concentration was measure photometrically using a Varian 
Cary50Bio VIS UV spectrophotometer. Phytase enzyme activity was calculated as the amount 
of phytase which liberates inorganic phosphorus from a 0.0015M Na-phytate solution, at a 
rate of 1µmol/min at pH 5.5 and 37°C. Details of the protocol can be found in Appendix 2. 
 
2.9 Calculations for growth and feed utilization indices 
 
All fish were weighed at the beginning and the end of the experiment and fish growth was 
calculated. The pooled weight of the fish in each tank was monitored bi-weekly during the 
whole course of each experiment in order to monitor the growth of fish as well as to estimate 
feed intake. Any dead fish were replaced with a similar sized, acclimated, and tagged fish in 
order to ensure the identical density in all treatments during the whole course of experiments. 
The replacement fish was not used to assess the performance of experimental fish. 
 
All uneaten feed after 30 minutes was siphoned, dried and recorded to allow for feed-intake 
calculations. In order to account for the stability of different diets, a correction factor was 
calculated for each treatment. A predetermined amount (2 g) of each diet was placed in a 
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experimental tank without fish for 30 minutes, the remaining feed were siphoned, dried and 
weighed. The correction factor was calculated as follow: 
C = ((F1 – F2) x 100)/F1 
Where: C = correction factor; F1 = dry weight of feed at the beginning; F2 = dry weight of 
feed after 30 minutes 
 
Feed intake, specific growth rate (SGR), food conversion ratio (FCR), dietary phosphorus 
efficiency ratio (PhER), protein efficiency ratio (PER), and apparent net protein utilization 
(ANPU) were evaluated. Estimation of nitrogen and phosphorus wastes (g/ kg weight gain) of 
fish were calculated following methods suggested by Bureau and Cho (1999), including 
nitrogen intake (NI), nitrogen retention (NR), nitrogen waste (NW), phosphorus intake (PI), 
phosphorus retention (PR), and phosphorus waste (PW). According to the method of Uyan et 
al. (2006), N or P intake was the amount of dietary N or P taken by the fish (g/ kg weight 
gain) via feeding during the experiment. N or P retention was calculated as the difference 
between the total amount of N or P in the carcass of final fish and that of initial fish (g/ kg 
weight gain). N or P waste was calculated as the difference between the amount of N or P 
intake and the amount N or P retained in fish (g/ kg weight gain). These indices represent the 
total amount of N and P discharged by the animal. These parameters were calculated as 
follows: 
 
SGR (%/day) = [ln(Wt/Nt) – ln(W0/N0)]/t 
FCR = I / (Wt – W0) 
ANPU = (Wt x CPrt – W0 x CPr0)/(I x CPrf) 
PhER = (Wt – W0)*100/ I x Pf 
NR (g/kg weigh gain) = [(Wt x CNt – W0 x CN0) * 1000]/ [100 x (Wt – W0)] 
NI (g/kg weight gain) = (I x CNf x 1000)/[100 x (Wt – W0)] 
NW (g/kg weigh gain) = NI - NR 
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PR (g/kg weigh gain) = [(Wt x CPt – W0 x CP0) * 1000]/ [100 x (Wt – W0)] 
PI (g/kg weight gain) = (I x CPf x 1000)/[100 x (Wt – W0)] 
PW (g/kg weigh gain) = PI - PR 
 
Where I (g) is total dry weight of fed feed, W0 (g) is total initial body weight and Wt (g) total 
final body weight; N0 and Nt are the number of fish at the start and the end of each 
experiment; CPrf (%), CNf  (%), and CPf (%) are protein, nitrogen, and phosphorus content in 
feed, CPrt (%), CNt(%), and CPt (%) are protein, nitrogen, and phosphorus content in fish 
carcass at the end of the trial; CPr0 (%), CN0 (%), and CP0 (%) are protein, nitrogen, and 
phosphorus content in fish carcass at the start of the trial (adapted from Wang et al. 2006). 
 
2.10 Statistical analyses 
 
Statistical analyses were conducted using SPSS for Windows software version 16.0. For 
experiments on the effects of graded levels of alternative ingredients on performance of fish, 
the polynomial (linear and quadratic) contrasting method, as described by Azevero et al. 
(2004), was used to test the effects the graded levels of dietary alternative ingredients on the 
performance of fish. No statistical analyses are provided for the proximate composition of any 
experimental diet since a single batch of feed was prepared for use in any one experiment. 
Proximate analyses were conducted in duplicate on every batch. Planned contrasts were then 
used to test the differences between the means of dietary treatments and the control mean. All 
statistical significance was tested at 95% of confidence (p < 0.05). For the other experiments 
where treatments were independent, one way analysis of variance (ANOVA) was used to test 
the statistical significance of the differences between the experimental treatments. The 
Levene’s test was used to test homogeneity of variances. The LSD post hoc test was 
performed to test the differences between the means at p < 0.05. Means were treated as 
significantly different from each other if p < 0.05. Data were normalized when appropriate by 
using arc tan or arc sine transformation. 
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CHAPTER 3: EFFECTS OF DIETARY SOYBEAN MEAL AND CANOLA MEAL 
ON GROWTH PERFORMANCE, NUTRIENT UTILIZATION, AND 
WASTE PRODUCTION OF AUSTRALIAN CATFISH 
 
Abstract 
 
This study investigates the effects of fishmeal (FM) protein replacement by canola meal (CM) and 
soybean meal (SBM) in the diet on growth performance, feed utilization efficiency, and carcass 
mineralization of the Australian catfish, Tandanus tandanus. Two 12-week feeding trials were 
conducted in which fish were fed with diets containing graded levels of CM or SBM as fishmeal 
(FM) protein substitutes. In both experiments, FM was the main protein source of the control diets 
and all diets were formulated to provide 39% crude protein (CP)/kg and 20 KJ/g of gross energy. 
The CM test diets contained graded levels of CM substituting 10, 20 and 30% of FM protein in 
the control diet. Similarly, the SBM test diets were formulated to contain graded levels of SBM as 
substitution of 0, 15, 30, 45 and 60% of FM protein in the control diet. Fish with similar size were 
stocked in flow-through glass tanks at identical density and were fed to satiation twice daily. The 
growth of catfish decreased as the level of either CM or SBM in the diets increased. Fish fed with 
diets containing CM as 20% substitution or SBM as 15% substitution for FM protein had 
comparable growth performance to fish fed the control FM-based diet. Replacing 30% FM protein 
by either SBM or CM significantly diminished the growth of catfish. The feed conversion and 
protein utilization ratios were poorer in fish fed with diets containing high inclusion of either 
SBM or CM. The inclusion of SBM or CM did not affect mineralization of the fish. The 
significant higher nitrogen (N) waste were observed in fish fed with CM and SBM diets than in 
fish fed with the control but phosphorus (P) waste of fish was not affected by treatment. It was 
concluded that raw CM and SBM up can be used to replace respectively up to 20% and 15% of 
FM protein in diet for Australian catfish without detrimental effects on growth performance, feed 
and protein utilization efficiency, mineralization, and P discharge of the fish. 
 
Keywords: Australian catfish, CM, SBM, FM, Mineralization, P waste, Nitrogen waste 
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3.1  Introduction 
 
Fish meal (FM) has been the most important protein source in commercial feeds for finfish 
(Drew et al., 2007). It has the advantages of high protein quality, required component 
concentration and palatability for compound aquaculture feed, especially for carnivorous 
species (Drew et al., 2007). As aquaculture industries develop to feed the growing world 
population, their dependence on FM is increasing, especially when aquaculture is highly 
intensified and where commercial feeds are used. About 40% of aquaculture production is 
now firmly dependent on commercial feeds (Deutsch et al., 2007). Indeed, aquaculture feed 
production in 2006 represented approximately 4% of the global production of animal feeds 
but it consumed about 56% of the global FM production (Tacon, 2007). The use of alternative 
protein sources is clearly vital for the future sustainable development of aquaculture 
worldwide. 
 
CM and SBM are two promising alternative protein sources for aquafeed, because of 
availability and cost. Canola ranked third in the global production of oil seed crops, 
constituting 11.6% of total global oil seed production in 1992-93, after SBM (51.4%) and 
cotton seed meal (14.4%) (Higgs et al., 1995). Canola even has a better amino acid profile 
than SBM (Burel et al., 2000). However, CM and some types of SBM contain high levels of 
fibre together with other anti-nutritional factors such as tannin, glucosinolates, and especially 
phytic acid (Higgs et al., 1982, Higgs et al., 1995) and thus its inclusion in fish diets often 
caused negative effects on fish growth and nutrient utilization. 
 
The replacement of FM by SBM and CM has been widely studied by many researchers and 
on many species, as summarised in Table 3.1. These studies revealed that SBM and CM is a 
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promising substitute for FM in diets of many species but the ability to adapt these alternatives 
was varied between species.  
 
Table 3.1 Summary on FM replacement studies on different aquaculture species 
 
Species Type of 
replacement 
Rate of 
replacement (%) 
Source 
Sharpsnout seabream, 
Diplodus puntazzo 
SBM 60 Hernandez et al., 2007 
Japanese flounder, 
Paralichthys olivaceus   
SBM 
40 Pham et al., 2007 
Rainbow trout, 
Oncorhynchus mykis 
SBM 
45 Heikkinen et al., 2006 
Cuneate drum, Nibea 
miichthioides 
SBM 
20 Wang et al., 2006b 
European seabass, 
Dicentrarchus labrax 
SBM 
50 Tibaldi et al., 2006 
Gilthead seabream, Sparus 
aurata 
SBM 
30 Venou et al., 2006 
Juvenile cobia, 
Rachycentron canadum 
SBM 
40 Chou et al., 2004 
Blue catfish, Ictalurus 
furcatus 
SBM 
100 Webster et al., 1995 
Chinook Salmon, 
Oncorhynchus tshawytscha 
Tower CM 
Altex CM 
CM 
13 – 16 
25 
15 
Higgs et al., 1982,  
Higgs et al., 1983,  
Satoh et al., 1998 
Red seabream, 
Pagrus major 
CM 
40 Glencross et al., 2004b 
Rainbow trout, 
Oncorhynchus mykis 
CM 
66 
20 
Teskeredzic et al., 1995, 
Thiessen et al., 2003 
Tilapia,  
Oreochromis mossambicus 
CM 
Used in 
combinations 
Davies et al., 1990 
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Species Type of 
replacement 
Rate of 
replacement (%) 
Source 
Sunshine bass, Morone 
chrysops x M. saxatilis 
CM 
Used in 
combinations 
Webster et al., 2000 
White shrimp,  
Penaeus vannamei 
CM 
Used in 
combinations 
Lim et al., 1998 
Channel catfish,  
Ictalurus punctatus 
CM 
36 Webster et al., 1997 
Lim et al., 1998 
 
In addition, although the positive effects of dietary SBM on P waste production of fish have 
been reported in previous studies (Vielma et al., 2000, Satoh et al., 2002, Cheng et al., 2003a, 
Tantikitti et al., 2005), there has been no study on the effects of different inclusion levels of 
SBM on P waste production of fish. Moreover, the effects of dietary CM on waste production 
of fish are rarely reported. Therefore, this study evaluated the growth performance, feed 
utilization, and waste of production of Australian catfish fed with diets containing graded 
levels of SBM or CM, allowing the determination of the possible use of SBM and CM as FM 
replacement in diet for catfish when both growth performance and waste production of fish 
were considered in conjunction. This study was also designed to evaluate the effects of SBM 
and CM, both being plant proteins with different nutritional quality, comparatively on 
performance of a single species, Australian catfish, Tandanus tandanus. 
 
3.2  Materials and methods 
Experimental procedures 
 
 
Source of fish, holding conditions and acclimation method were as described in Chapter 2, 
section 2.1.This study consisted of two separate experiments, a SBM experiment (experiment 
1) and a CM experiment (experiment 2). In experiment 1, 200 fish with a body weight (BW) 
of 18.2g ± 0.2g were randomly stocked into twenty (22cm x 50cm x 30cm) flow-through 
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glass tanks. The experimental tanks were randomly assigned to five treatments (four replicate 
tanks per treatment). In experiment 2, 80 fish with a BW of 30.8g ± 0.42g were randomly 
stocked into sixteen (22cm x 50cm x 30cm) flow-through glass tanks, and randomly assigned 
to four treatments (four replicate tanks per treatment). The experiments lasted 84 days during 
which fish were fed to satiation in 30 minutes, twice daily between 8.00 – 9.00 and 15.30 – 
16.30, except the day before weighing, when fish were fed once. Fish were pooled weighed 
every fortnight in order to adjust the amount of feed provided to the fish as well as to monitor 
the growth of fish. The stocking densities were different between the two experiments 
because the size of fish used in experiment 2 was greater than in experiment 1, while the size 
of experimental tanks was the same. 
 
Ten fish were sampled at the start of each experiment to allow for initial fish carcass analysis. 
At the end of each experiment, five fish from each tank were sampled and stored frozen for 
carcass proximate analysis. Specimens for carcass analysis were ground and dried at 80oC to 
constant weight and stored at −20°C for proximate analyses. Small specimens were dried at 
105oC to constant weight in order to estimate moisture content. 
 
Water quality 
 
In order to ensure maintenance of suitable water quality during the experiment, temperature, 
dissolved oxygen and pH were measured every other day using a TPS WP-81 pH meter and 
TPS WP-91 DO and temperature meter; while ammonia, nitrite and nitrate were monitored 
weekly using an YSI 9100 photometer and kit chemicals for water analysis. All water quality 
parameters were suitable for the optimal growth of fish (Table 3.2). 
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Table 3.2 Water quality during 12 weeks of the 2 experiments 
 
Parameters (unit) Experiment 1 Experiment 2 
DO (mg/L) 7.07 ± 0.03 7.08 ± 0.13 
pH  6.71 ± 0.01 6.79 ± 0.04 
Temp (oC) 23.7 ± 0.31 23.72 ± 0.14 
N-NH3 (mg/L) 0.24 ± 0.02 0.168 ± 0.012 
N-NO2 (mg/L) 0.04 ± 0.01 0.011 ± 0.002 
N-NO3 (mg/L) 4.82 ± 4.43 0.450 ± 0.024 
Value = mean ± S.E. (standard error) 
 
Preparation of experimental diets  
 
Feed ingredients, experimental diet formulation and preparation are as described in Chapter 2, 
section 2.2 and 2.3. Proximate compositions of feed ingredients are shown in Table 3.3. In 
experiment 1, five isonitrogenous and isocaloric diets containing 39% crude protein and 19 
KJ/g of gross energy were formulated. The control diet (SBM0) was prepared with fish meal 
as the only protein source. In the four test diets (SBM15, SBM30, SBM45, and SBM60), 15, 
30, 45 or 60% of FM protein was replaced by SBM protein. Similarly, four isonitrogenous 
and isocaloric diets were formulated for experiment 2, which contained 39% crude protein/kg 
and 20 KJ/g of gross energy. The control diet (CM0) was prepared with fish meal as the only 
protein source. In the four test diets (CM10, CM20, and CM30), 10, 20, or 30% of FM protein 
was replaced by CM protein. Formulation, proximate composition, indispensable amino acids 
(AA) composition and estimated gross energy of experimental diets used in the two 
experiments are shown in Table 3.4 and 3.5, respectively. 
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Table 3.3 Nutrient composition of main feed ingredients 
Ingredients 
 
FM (c) CM (c) SBM (c) Wheat flour (c) 
Ingredients (g/kg dry matter)    
Protein 715.3 376.2 507.2 185.3 
Lipid 74.9 22.4 21.4 18.5 
Ash 164.4 79.4 69.0 18.0 
Carbohydrate (a) 45.4 522.0 402.3 778.2 
Crude fibre 4.0 128.0 37.0 16.0 
Total P 20.8 14.4 8.7 4.5 
Phytic acid N.D. 42.6 19.0 12.8 
Energy (kJ/g) (b) 20.7 18.8 19.8 18.5 
Indispensable  AA (g/kg dry matter)(c)   
Lysine  57.4 23.6 23.3 4.4 
Methionine  20.1 4.4 3.6 1.9 
Leucine  53.2 28.0 30.4 9.8 
Arginine  45.4 23.7 32.7 7.1 
Threonine  30.3 17.0 15.2 4.2 
Histidine  31.0 10.7 10.7 3.5 
Valine  37.5 21.1 19.8 6.5 
Isoleucine  32.3 16.8 18.8 5.4 
Phenylalanine  28.6 15.6 19.4 6.8 
(a)  Carbohydrate content was calculated by difference 
(b)  Gross energy was estimated from energy density of nutrient components 
(c) Commercial feed ingredients provided by Ridley Aquafeed Australia (Narrangba, Queensland, 
Australia) 
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Table 3.4 Ingredient, proximate and essential amino acid composition of the SBM diets in 
experiment 1 
Diets Content  
SBM0 SBM15 SBM30 SBM45 SBM60 
Ingredients (g/kg as is)     
FM 500.0 425.0 350.0 275.0 200.0 
Wheat flour 390.0 371.9 351.7 328.6 295.8 
Soybean 0.00 106.3 212.6 318.9 425.2 
Fish oil 30.0 31.8 33.5 37.5 39.0 
Mineral 20.0 20.0 20.0 20.0 20.0 
Vitamin 10.0 10.0 10.0 10.0 10.0 
CMC 50.0 35.0 22.2 10.0 10.0 
Proximate composition (g/kg dry matter) 
Protein 395.2 392.1 388.7 384.7 379.2 
Lipid 77.5 82.0 82.0 77.7 74.5 
Ash 102.4 96.2 84.0 76.6 71.9 
Carbohydrate(a)  424.9 429.7 445.3 461.0 474.4 
Total P 10.9 10.5 10.4 9.0 8.7 
Phytic acid 5.7 7.0 8.4 9.7 10.8 
Gross energy (kJ/ g)(b) 19.7 19.9 20.1 20.1 20.1 
Indispensible AA (g/kg dry matter) (c) 
Arginine  21.6 21.6 21.6 21.5 21.4 
Histidine  14.1 13.1 12.1 11.1 10.1 
Isoleucine  15.5 15.1 14.7 14.3 13.8 
Leucine  26.1 25.4 24.6 23.9 23 
Lysine  25.1 23.6 22.1 20.5 19 
Methionine  9.0 8.1 7.2 6.2 5.3 
Phenylalanine  14.7 14.6 14.5 14.3 14 
Threonine  14.2 13.6 13 12.4 11.8 
Valine  18.2 17.6 16.9 16.2 15.5 
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Table 3.5 Ingredient, proximate and essential amino acid composition of the CM diets in 
experiment 2 
Diets Content  
 Control CM10 CM20 CM30 
Ingredients (g/kg as is)     
FM 500.0 450.0 400.0 350.0 
Wheat flour 350.0 318.1 281.2 244.3 
CM 0.0 101.9 203.8 305.7 
Fish oil 50.0 50.0 50.0 50.0 
Mineral 20.0 20.0 20.0 20.0 
Vitamin 10.0 10.0 10.0 10.0 
CMC 70.0 50.0 35.0 20.0 
Proximate composition (g/kg dry matter) 
Protein 403.2 397.2 385.0 390.7 
Lipid 106.7 110.9 104.0 105.8 
Ash 125.5 113.0 112.7 104.7 
Carbohydrate(a)  364.6 378.9 398.3 398.8 
Total P 15.7 15.2 14.6 13.7 
Phytic acid 3.6 7.5 11.0 14.6 
Gross energy (kJ/g)(b) 20.02 20.29 20.06 20.28 
Indispensible AA (g/kg dry matter) (c) 
Arginine  25.2 25.1 25.0 24.9 
Histidine  16.7 16.2 15.6 15.0 
Isoleucine  18.0 17.9 17.8 17.7 
Leucine  30.0 29.9 29.8 29.6 
Lysine  30.2 29.6 29.0 28.4 
Methionine  10.7 10.1 9.5 8.9 
Phenylalanine  16.7 16.6 16.5 16.4 
Threonine  16.6 16.7 16.7 16.8 
Valine  21.1 21.1 21.2 21.2 
For both Table 3.4 & 3.5 
(a)  Carbohydrate content was calculated by difference 
(b)  Gross energy was estimated from energy density of nutrient components 
(c)  Calculated from data presented in Table 3.3 
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Water assessment for phosphorus waste discharged 
 
At the end of each of the growth experiments, fish were retained in static tanks for a further 3 
days in order to determine the P excretion of fish. During this period, the fish were fed once 
daily in the morning. Water was then changed and water samples were taken for analysis of 
initial P concentrations. Tank water was then kept static for 24 hours and samples were again 
taken for 24-hour P measurements. P discharged per tank per day was calculated as the 
difference between the total amount of P in tanks after 24 hours and total amount of P in tanks 
at initial measurements. P discharged was expressed as mg of ortho or total P per kg of fish 
per day, which was calculated as follows: 
 
P discharged (mg/kg fish/day) = (24h-P measurement – initial-P measurement)*Vtank/Wt fish 
 
Where: 24-h and initial measurements are the tank P concentration obtained at 24 hour and 
initial times. Vtank is the volume of fish tank (L); Wtfish is the total weight of fish in each tank 
(kg). The ortho and total P of water samples were analysed using the methods described in 
Chapter 2, section 2.6. 
 
Chemical analysis 
 
Proximate analyses of feed ingredients, experimental diets, and whole fish carcass were 
conducted in duplicate based on the procedures of the AOAC (1990). Analytical methods are 
also described in Chapter 2, section 2.4. Amino acid analyses were carried out by the 
Australian Proteome Analysis Facility Ltd, as briefly described in Chapter 2, section 2.4. 
Mineral content of feed ingredients, experimental diets and fish carcasses were analysed 
following the modified AOAC (1990) method, as described in Chapter 2, section 2.5.  
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Data calculations 
 
Feed intake, specific growth rate (SGR), food conversion ratio (FCR), apparent net protein 
utilization (ANPU), nitrogen retention (NR), nitrogen intake (NI) and nitrogen waste (NW); 
phosphorus intake (PI), phosphorus retention (PR), and phosphorus waste (PW) were used as 
indices to evaluate the affect of dietary treatments on growth and nutrient utilization of 
experimental fish. These parameters were calculated as described in Chapter 2, section 2.9 
 
Statistical analysis 
 
Statistical analyses were conducted using SPSS for Windows software version 16.0. The 
polynomial (linear and quadratic) contrasts were used to test  the effects of graded levels of 
dietary SBM or CM (dependent variables) on the performance of fish as described in Chapter 
2, section 2.10. Planned contrasts were then used to test the differences between the means of 
dietary treatments and the control mean. All statistical significances were tested at 95% 
confidence. Means were treated as significantly different from each other if p < 0.05. Data in 
percentage were transformed using arc sine or arc tan of the square root of the value. 
 
3.3  Results  
The effects of dietary SBM and CM on the growth performance and feed utilization of catfish 
are shown in Table 3.6. No dead fish were observed thus no replacement was required during 
the course of the two experiments. In experiment 1, the final weight of fish linearly decreased 
with the increase of dietary SBM. Only fish fed with the SBM15 diet had similar final weight 
to that of fish fed with the control diet. While fish fed with all other SBM diets had 
significantly lower final weight. In experiment 2, a significant quadratic effect of dietary CM 
levels on final weight of fish was observed. However, contrast analysis showed that only 
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catfish fed with CM30 diet had significantly lower final weight compared to that of the 
control fish while fish fed with all other diets had similar final weight to the control fish.  
Table 3.6 The growth performance and nutrient utilization efficiency of Australian catfish fed 
with diets containing graded levels of SBM or CM as the substitute for dietary FM protein (at 
24oC for 84 days under 12:12 light regime) 
Growth and feed utilization indices  
IW (g) FW (g) SGR FCR ANPU 
Experiment 1      
Control 18.2 51.8 1.25 1.45 0.28 
SBM15 18.2 49.3 1.19 1.46 0.26 
SBM30 18.2 38.6* 0.90* 1.64 0.24 
SBM45 18.2 34.7* 0.77 * 1.88* 0.20* 
SBM60 18.2 30.1* 0.60* 1.94* 0.19* 
S.E.M. N/A 1.98 0.06 0.05 0.01 
Significance ( a)      
Linear N/A p < 0.05 p < 0.05 p < 0.05 p < 0.05 
Quadratic N/A N.S N.S N.S N.S 
Experiment 2      
Control 30.2 75.4 1.09 1.21 0.27 
CM10 30.1 73.4 1.06 1.41* 0.22* 
CM20 30.3 73.3 1.05 1.43* 0.21* 
CM30 29.9 62.6* 0.88* 1.68* 0.20* 
S.E.M. N/A 1.51 0.02 0.05 0.01 
Significance ( a)      
Linear N/A p < 0.05 p < 0.05 p < 0.05 p < 0.05 
Quadratic N/A p < 0.05 p < 0.05 N.S. N.S. 
IW = initial weight of fish; FW = final weight of fish 
(*) Denotes the significant difference of the mean compared to the respective control mean (p < 0.05) 
(a) Significance of the linear and quadratic contrasts of dependent variables across treatments 
N/A: Not applicable;  
N.S.: Not statistically significant (p ≥ 0.05);  
S.E.M. = standard error mean (n=4) 
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FCR of fish was linearly increased with the increase of SBM or CM in both experiments. In 
experiment 1, only fish fed with diets SBM45 and SBM60 had significantly higher FCR than 
that of the control fish. In experiment 2, fish fed with all CM diets had significantly higher 
FCR compared to that of the control fish. Similarly, significant linear effects were observed 
for ANPU of fish in both experiments. ANPU was only significantly lower in fish fed with 
SBM45 or SBM60 diets while fish fed all CM diets had significantly lower ANPU compared 
to that of the control fish. 
 
The proximate carcass composition of initial and final catfish from experiment 1 and 2 are 
shown in Table 3.7. Only protein content in fish carcass was linearly affected by dietary SBM 
with significantly lower protein content was observed in fish fed with SBM45 and SBM60 
diets. In experiment 2, quadratic effects were seen for both protein and lipid content of catfish 
carcass. The protein content was significantly lower in fish fed with CM10 and CM20 diets 
and lipid content was significantly higher in fish fed with CM30 diet compared to that of the 
control fish. The final ash and P content in fish carcass were not affected by the inclusion of 
SBM or CM in the diet. The content of other elements in the carcass of catfish was not 
affected by the inclusion of SBM or CM at 60% or 30% FM protein replacement, respectively 
(Appendix 5).  
 
Table 3.8 shows the estimated N and P wastes of experimental fish. Inclusion of SBM or CM 
in Australian catfish diets did not affect the N retention of fish but N waste linearly increased 
with the dietary inclusion levels of either ingredient. In experiment 1, N waste of catfish fed 
with diets SBM45 and SBM60 were significantly different from that of fish fed with the 
control diet.  In experiment 2, N waste was significantly higher in fish fed with all CM diets 
than in fish on the control diet. There was no significant effect of dietary SBM on estimated P 
waste of catfish. In experiment 2, P waste of fish was significantly higher in fish fed with CM 
diets compared with fish on the control diet.  
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Table 3.7 The proximate composition and P content in the carcass of experimental Australian 
catfish fed with diets containing graded levels of SBM or CM as a substitute for dietary FM 
protein (at 24oC for 84 days under 12:12 light regime) 
Nutrient composition as live weight basis  
Protein Lipid Ash Phosphorus 
Experiment 1     
Control 13.6 5.20 1.45 0.37 
SBM15 13.0 5.10 1.45 0.32 
SBM30 13.0 5.47 1.33 0.36 
SBM45 12.4* 5.26 1.45 0.34 
SBM60 12.3* 5.23 1.41 0.40 
S.E.M 0.16 0.09 0.03 0.01 
Significance ( a)     
Linear p < 0.05 N.S. N.S. N.S. 
Quadratic N.S. N.S. N.S. N.S. 
Experiment 2     
Control 12.9 5.56 1.63 0.38 
CM10 12.3* 6.01 1.65 0.31 
CM20 12.0* 6.34 1.65 0.29 
CM30 12.4 6.73* 1.66 0.37 
S.E.M. 0.13 0.16 0.03 0.02 
Significance ( a)     
Linear N.S. p < 0.05 N.S. N.S. 
Quadratic p < 0.05 p < 0.05 N.S. N.S. 
(*) Denotes the significant difference of the mean compared to the respective control mean (p < 0.05) 
(a) Significance of the linear and quadratic contrasts of dependent variables across treatments 
N.S.: Not statistically significant (p ≥ 0.05);  
S.E.M. = standard error mean (n=4) 
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Table 3.8 The estimated N budgets (g/kg weight gain) of experimental Australian catfish fed 
with diets containing graded levels of SBM or CM as a substitute for dietary FM protein (at 
24oC for 84 days under 12:12 light regime) 
 
Estimated N budgets Estimated P budgets Treatment 
Intake Retention Waste  Intake Retention Waste  
Experiment 1   
Control 83.4 23.4 60.1 15.8 3.33 12.5 
SBM15 83.9 21.9 62.1 15.4 2.98 12.4 
SBM30 93.9 22.6 71.2 17.0 2.90 14.1 
SBM45 106.8* 20.9 86.0* 17.0 2.56 14.5 
SBM60 113.2* 21.7 91.6* 16.9 2.41 14.5 
S.E.M. 3.17 0.45 3.30 0.30 0.15 0.35 
Significance ( a)       
Linear p < 0.05 N.S. p < 0.05 N.S. N.S. N.S. 
Quadratic N.S. N.S. N.S. N.S. N.S. N.S. 
Experiment 2       
Control 78.2 21.3 56.9 19.0 3.06 16.0 
CM10 89.3* 20.2 69.1* 21.5* 3.47 18.0* 
CM20 88.2* 18.9 69.2* 20.9* 3.14 17.8* 
CM30 105.1* 20.4 84.7* 23.6* 3.78 19.9* 
S.E.M. 3.08 0.37 3.22 0.53 0.13 0.50 
Significance ( a)       
Linear p < 0.05 N.S. p < 0.05 p < 0.05 N.S. p < 0.05 
Quadratic N.S. N.S. N.S. N.S. N.S. N.S. 
(*) Denotes the significant difference of the mean compared to the respective control’s mean, using 
contrasts method (p < 0.05) 
(a) Significance of the linear and quadratic contrasts of dependent variables across treatments 
N.S.: Not statistically significant (p ≥ 0.05) 
S.E.M. = standard error mean (n=4) 
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Results on ortho and total P wastes of fish fed with SBM and CM diets are presented in 
Figure 3.1 & 3.2, respectively. The daily ortho P waste was significantly lower in fish fed 
with the diet SBM30 compared to the control fish. However, there was no significant 
difference in ortho P waste of fish on the control and SBM15 diets. The daily ortho P waste 
was significantly lower in fish fed with all CM diets than in the control fish. The results also 
showed that inclusion of CM at 20% FM protein replacement did not have significant impact 
on the daily total P waste of catfish but the total P waste was significantly increased when 
30% of FM protein was replaced with CM.  
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In the same data series, points denoted with different scripts are significantly different (p < 0.05)  
Figure 3.1 Daily ortho P and total P waste (mg/kg fish) of Australian fish fed with diets 
containing graded levels of SBM as FM replacement, conducted at 24oC (Mean ± S.E., n=4 
replicate tanks/treatment). 
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In the same data series, points denoted with different scripts are significantly different (p < 0.05)  
Figure 3.2 Daily ortho P and total P waste (mg/kg fish) of Australian fish fed with diets 
containing graded levels of CM as FM replacement, conducted at 24oC (Mean ± S.E., n=4 
replicate tanks/treatment). 
 
 
3.4  Discussion 
 
SBM and CM were acceptable at limited inclusion levels in Australian catfish diet. Only 15% 
of FM protein could be replaced by SBM without significant adverse effects on the growth 
and nutrient utilization of the fish. This also suggested that inclusion of more than 8.5% SBM 
in the diet caused significantly lower growth performance and feed and nutrient utilization of 
fish. Low inclusion level SBM in fish diet has been reported in many other species. In a study 
by Wang et al. (2006b) on cuneate drum, only 20% of FM was replaceable by SBM without 
any negative effects on the performance of the fish. Tantikitti et al. (2005) reported the 
acceptable SBM inclusion level of 10% as FM protein replacement in diets for Asian seabass, 
Lates calcarifer. The poor growth performance of fish fed with SBM diets replacing 30% or 
b
b
b
b
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more FM dietary protein may be due to the significantly low feed intake, which decreased 
with the increase of dietary SBM. The poor palatability and imbalance of AA content of SBM 
diets might be the cause of the low feed intake, which was also suggested in previous studies 
(Robaina et al., 1995, Tantikitti et al., 2005).  
 
Replacement of up to 20% dietary FM protein with CM in the diet did not cause any adverse 
effect on the growth of Australian catfish. At this level of replacement, the actual inclusion of 
17.5% CM was acceptable in the diet for Australian catfish. Similar results have been 
reported on other species. Webster (1997) fed channel catfish with diets containing different 
levels of CM and found that inclusion of CM at 24 and 36% in the diets significantly reduced 
the growth. Davies et al. (1990) revealed that dietary inclusion of 30% or more rapeseed meal 
progressively depressed the growth performance and nutrient utilization of tilapia. The 
utilization of CM may also vary depending on types of the CM. Higg (1983) studied Altex 
canola and revealed that Chinook salmon could tolerate the use of dietary CM contributions 
of 30% of dry matter without curtailment of performance. On the same species, Satoh et al. 
(1998) reported that 30% of fishmeal protein could be replaced by heat treated CM without 
negative effects on growth performance and nutrient utilization. Some positive results have 
been reported on the use of CM in diets for some fish species. Glencross et al. (2004b) 
successfully incorporated up to 60% of Australian CM diets for red seabream. Up to 30% of 
canola protein concentrate could be included in diets for rainbow trout without depressing 
growth and feed utilization (Thiessen et al., 2004). Far better results were obtained in a study 
by Drew (2004) on the same species, showing that canola protein concentrate could be used to 
replace 75% FM protein in diet for the fish. 
 
Previous studies demonstrated a wide range of acceptable inclusion levels of SBM or CM in 
diets for different species. The variation could not only be ascribed to the differences between 
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species but could also be attributed to the differences in the source of SBM or CM used in 
these studies. The variation in the effects on growth of fish may suggest that dietary SBM and 
CM may also have variable impacts on nutrient utilization and waste production of fish, 
which could be beneficial or detrimental. In the present study, the effects of SBM and CM on 
FCR and PER of fish were similar. The FCR and PER of fish decreased with the increase of 
dietary SBM and CM. However, inclusion of CM at 10% FM protein replacement resulted in 
significantly poorer FCR and PER of catfish, while inclusion of SBM at up to 30% FM 
protein replacement did not affect FCR and PER of the fish. The difference may be correlated 
to the results on nitrogen waste of fish, which showed the better N utilization and lower N 
waste in catfish fed with SBM diets than in those fed with CM diets. The similar effects of 
dietary SBM on FCR and PER of other species were obtained in previous studies. FCR and 
PER of sharpsnout seabream, Diplodus puntazzo were only decreased when 40% or more 
SBM was included in diet for the fish (Hernandez et al., 2007). Similarly, Abery et al. (2002) 
found no effect on FCR and PER of Murray cod, Maccullochella peelii peelii when up to 32 
% of SBM was included in diet for the fish. The effect of CM on FCR and PER of fish is 
varied dependent on the type of CM. The inclusion of CM in diet for tilapia, Oreochromis 
mossambicus had significant negative effects on FCR and PER of the fish as reported by 
Davies et al. (1990). However, inclusion of canola protein concentrate did not impair the FCR 
and PER of rainbow trout in the study done by Thiessen et al. (2004).  
 
High inclusion of CM and SBM had a significant effect on the protein content of catfish and 
significantly lower carcass protein was found in fish fed with the 45% FM protein 
replacement SBM diet. Inclusion of CM at 10% FM protein replacement caused significant 
decrease in protein content of fish carcass. The similar effects on carcass protein content of 
fish have been reported when SBM was used in diets for Murray cod (Abery et al., 2002); and 
sharpsnout seabream (Hernandez et al., 2007). Similarly, CM was reported to decrease the 
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protein content of channel catfish (Webster et al., 1997); red sea bream (Glencross et al., 
2004b); and rainbow trout (Gomes et al., 1993). However, there has been no report on the 
differences between SBM and CM on the same species, which was shown in the current 
study. The positive effects of SBM on the protein content of Australian catfish also indicated 
the advantage of SBM over CM as an alternative for FM in diets of catfish. 
 
Phytic acid inhibits the metabolism of many elements in monogastric animals (Barrows et al., 
2007b, Gatlin III et al., 2007). Toko et al. (2008) reported that the inclusion of SBM in 
African catfish, Clarias gariepinus significantly affected Ca and P content of fish carcass. 
This author also found that the greater dietary SBM or phytic acid level, the less the carcass 
contained these minerals. However, results from the current study on catfish showed that 
replacing FM with either SBM or CM did not inhibit the mineralization of any selected 
elements of the fish. The content of phytic acid in the experimental diets could be the reason 
for the difference. Indeed, in Toko’s experiment, phytic acid content of the diets was highly 
varied, being 2.7 g/kg diet with the highest SBM level compared to 1.5 g/kg diet with the 
lowest SBM level. The variation in phytic acid content was lower in the present study, 
increasing from 7.0 g/kg in the diet with lowest SBM level to 10.8 g/kg in the diet with 
highest SBM level. Therefore, the inhibition effects of dietary phytic acid on the 
mineralization of catfish could not be seen. 
 
The results on nutrient utilization demonstrated that Australian catfish utilizes SBM better 
than CM, resulting in lower N waste of catfish on SBM diets compared to that of fish fed with 
CM diets. Indeed, the significantly higher N waste was observed in fish on SBM diet at the 
inclusion of 45% FM replacement while dietary CM caused significantly higher N waste at 
the inclusion level of 10% FM protein replacement. Similar negative effects of high inclusion 
of SBM on N waste of fish were reported for Asian seabass (Tantikitti et al. 2005), gilthead 
seabream (Robaina et al. 1995), and rainbow trout (Medale et al. 1998).  
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The effects on P utilization efficiency of catfish were also different between SBM and CM. 
Inclusion of SBM at 60% FM protein replacement did not affect the estimated P waste of the 
fish while replacement of 10% FM protein by CM significantly increased P waste of the fish. 
This suggested that the dietary P in CM diets was poorly digested by Australian catfish due to 
higher phytic acid content of CM (4.3%) compared to that of SBM (1.9%). The effects of 
dietary SBM and CM on N and P waste of catfish suggest that SBM may be a better FM 
substitute for a environmentally friendly diet. 
 
The effects of dietary SBM and CM on estimated P waste of catfish were validated by the 
results on the daily ortho and total P accumulation in tank water. Both SBM and CM 
significantly reduced the daily ortho P waste of the fish at the inclusion of 30% FM protein 
replacement. This positive effect could be attributed to the higher content of digestible P in 
the control diet compared to that in SBM and CM diets. Indeed, Bureau and Cho (1999) 
observed a significant increase in the dissolved P waste of rainbow trout when digestible P 
intake increased. Similarly, Cheng et al. (2003b) reported a reduction in soluble P discharged 
by rainbow trout when FM was replaced by plant protein sources. Results from the present 
study however demonstrated that SBM and CM had different effects on the total P waste of 
fish. While inclusion of SBM at 45% FM replacement significantly lowered the daily total P 
waste of catfish dietary CM at the inclusion of 30% FM replacement significantly increased 
the daily total P waste of the fish. This may be due to the differences in the anti-nutritional 
components between the two ingredients. Indeed, CM has higher P (1.44%) and higher 
phytate (4.26%) content compared to SBM with 0.87% P and 1.90% phytic acid. This may 
suggest that CM’s P is less digestible by catfish resulting in high waste production. 
 
3.5  Conclusions 
 
SBM and CM had similar effects on growth performance and feed utilization of Australian 
catfish. Only 15% or 20% of FM protein could be substituted by SBM or CM, respectively, 
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without negative effects on growth and feed utilization of the fish. Inclusion of SBM and CM 
had different impacts on waste production of the fish. CM increased N waste of fish at the 
inclusion level of 10% FM protein replacement while dietary SBM only caused significant 
high N waste of fish at the inclusion level of 30% of FM protein replacement. Dietary 
inclusion of both SBM and CM reduced ortho P waste but only dietary SBM lowered total P 
waste of the fish. Replacing 30% of FM protein with CM significantly elevated the total P 
waste of catfish. No effects on mineralization of fish were observed when SBM or CM was 
used in diets of catfish. When both nutritional and environmental aspects were considered, it 
could be concluded that SBM has better potential as a substitute for FM in diets for Australian 
catfish. Results from this study also revealed that SBM and CM had distinctly different effects 
on performance and waste production. 
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CHAPTER 4: EFFECTS OF DIETARY WHEAT GLUTEN AND MEAT & BONE 
MEAL ON GROWTH PERFORMANCE, NUTRIENT UTILIZATION, AND 
WASTE PRODUCTION OF AUSTRALIAN CATFISH 
 
Abstract 
 
This study aimed to investigate the effects of dietary fishmeal (FM) protein replacement with 
wheat gluten (WG) and meat and bone meal (MBM) on the growth, feed utilization and 
phosphorus (P) waste output of the Australian catfish, T. tandanus. During the 12-week feeding 
trial, catfish were fed with diets containing graded levels of WG or MBM as FM protein 
substitutes, providing 39% of dietary crude protein and 20 KJ/g of energy. The WG diets WG10, 
WG20, and WG30 were formulated to contain graded levels of WG, subsituting10, 20 and 30% of 
dietary FM protein, respectively. Similarly, the MBM diets MBM30, MBM45, and MBM60 were 
formulated to contain graded levels of MBM, substituting 30, 45 and 60% of dietary FM protein, 
respectively. Catfish were held in flow-through glass tanks in identical culture conditions and fed 
to satiation twice daily for 84 days. The growth performance of the fish decreased with the 
increase of dietary WG and MBM. Replacement of 10 or 30% of dietary FM protein with WG or 
MBM, respectively, did not significantly impair the growth performance of catfish compared to 
the control fish. A significant decrease in fish growth was observed when dietary FM protein was 
replaced by 20% with WG or 45% with MBM. These levels of replacement also caused 
significantly poorer feed conversion and protein utilization efficiency of fish compared to that of 
the control fish. Inclusion of WG or MBM into diets for catfish did not have any significant 
impact on the carcass proximate composition of the fish. N loss of fish was significantly higher 
when 45% or 20% of dietary FM protein was replaced with MBM or WG, respectively. The use 
of MBM as 30% of FM protein replacement significantly increased the estimated P waste of 
catfish. Dietary WG tended to reduce estimated P waste of the fish with significantly lower P 
waste from fish fed with diet WG30. MBM had negative effects while WG had positive effects on 
daily ortho and total P waste of the fish. 
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4.1  Introduction 
 
Meat and bone meal (MBM) and wheat gluten (WG) are among the promising alternative 
feed ingredients for fishmeal (FM) in animal feeds, including aquafeed due to their high 
protein content and low prices, compared to FM (Tacon and Jackson, 1985). Indeed, protein 
content of MBM is in the range of 45 – 65% (Yang et al., 2004b) while WG contains higher 
level of protein of up to 80%. However, similar to other plant protein sources, inclusion of 
WG in fish diets is limited because of the deficiencies in indispensable amino acids (AA), the 
effects of anti-nutrients and or poor palatability to fish (Gomes et al., 1995). Lysine, arginine 
and threonine are the most limiting indispensable AA in WG (Davies et al., 1997, Hansen et 
al., 2007).  
 
In order to compensate the nutrient deficiencies, WG is more commonly used in combination 
with one or many other plant protein sources to replace FM in fish diet. Gomez-Requeni et al. 
(2004) used a mixture of 36% corn gluten, 36% WG, 18% extruded peas and 9% rapeseed 
meal as a plant protein source to replace FM in diet for gilthead sea bream, Sparus aurata. 
Similarly, Hansen et al. (2007) combined WG with soybean meal and soy protein concentrate 
with the addition of crystallize methionine and lysine to replace FM in diets for Atlantic cod, 
Gadus morhua. WG was also used in a plant-based diet fed to Nile tilapia to evaluate the 
effectiveness of phytase in improving plan-based diets in the study done by Liebert and Portz 
(2005). Dissimilarly, trials on WG as a sole alternative protein source for FM in diets for 
aquaculture species have been found in only a limited number of studies, such as 
Rodehutscord et al. (1994), Nang Thu et al. (2007), and Davies et al. (1997). Nevertheless, 
protein in WG has been proved to be highly digestible to many fish species, such as rainbow 
trout, Oncorhynchus mykiss (Pfeffer et al., 1995, Davies et al., 1997); Atlantic salmon, Salmo 
salar (Storebakken et al., 2000); European sea bass, Dicentrarchus labrax (Robaina et al., 
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1999); Coho salmon, Oncorhynchus kisutch and rainbow trout (Sugiura et al., 1998); and 
Atlantic cod, Gadus morhua (Tibbetts et al., 2006). With respect to aquaculture pollution, the 
use of WG in fish diet is believed to reduce P discharge from fish ponds to the surrounding 
aquatic environment due to its low P content (Skonberg et al., 1998). 
 
MBM is a by-product of the meat industry, which has been used as a valuable ingredient in 
animal feeds since the 1950s (Hendriks et al., 2006, Tacon et al., 2006). MBM has higher 
protein content and better indispensable AA profiles than plant protein sources thus it could 
be used as an economically alternative protein source for FM (Zhang et al., 2006). However, 
terrestrial animal by-product meals may be deficient in one or more indispensable AAs, 
especially lysine, isoleucine and methionine (Tacon and Jackson, 1985) 
 
Generally, it has been reported that MBM could be used to replace up to 30% of FM  in diets 
for many species, including gilthead seabream (Robaina et al., 1997); rainbow trout, O. 
mykiss (Bureau et al., 2000); red drum, Sciaenops ocellatus (Kureshy et al., 2000); and 
cuneate drum, Nibea miichthioides (Wang et al., 2006a). However, the inclusion levels of 
MBM in diets for aquaculture species are usually varied. Indeed, higher dietary MBM levels 
have been found acceptable for some other species. Replacements of 50% dietary FM was 
acceptable in diets for gibel carp, Carassius auratus gibelio and rainbow trout were reported 
by Yang et al. (2004b) and Watanabe & Pongmaneerat (1991), respectively. Similarly, Ai et 
al. (2006) successfully replaced 45% of dietary FM protein by MBM for yellow croaker, 
Pseudosciaena crocea. Wang et al. (2008) successfully replaced 50% of FM with a blend of 
MBM and poultry by-product meal in diet for malabar grouper, Epinephelus malabricus. 
However, low inclusion of MBM was found by Zhang (2006) who reported that only 20% 
FM was replaceable with MBM in diet for juvenile gibel carp, Carassius auratus gibelio. 
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With regards to water pollution issues, unlike plant protein sources, replacement of FM by 
MBM significantly increased the P loading from fish tanks (Zhang et al., 2006). The reason 
may be the high P content of the meal, which is in the range of 4 – 5%, which is higher than 
the P content of FM (Lall, 1991, Cho and Bureau, 2001). In addition, Robaina et al. (1997) 
found higher N excretion when gilthead seabream was fed with diets containing higher MBM, 
potentially available nutrients that may effectively stimulate eutrophication and consequently 
pollution in the receiving water bodies (Tyrrell, 1999, Sugiura et al., 2000, Cho and Bureau, 
2001, Mainstone and Parr, 2002, McDaniel et al., 2005, Zhang et al., 2006).  
 
Clearly, the effects of MBM and WG on growth performance of fish are highly variable and 
have been little investigated with reference to waste production. In addition, information on 
the effects of graded levels of MBM and WG on waste output of fish is very limited. 
Therefore, the current study evaluated the growth performance, feed utilization, and waste of 
production of Australian catfish, Tandanus tandanus (Plotosidae) fed with diets containing 
graded levels MBM or WG, allowing the determination of the possible use of MBM and WG 
as FM replacement in diet for catfish when both growth performance and waste production of 
fish were considered in conjunction. This study was also designed to evaluate the differences 
in the effects of MBM, an animal protein, in comparison with the plant protein WG, and two 
other plant proteins evaluated in Chapter 3, on performance of the Australian catfish. 
 
4.2  Materials and methods 
 
Experimental design 
 
Source of fish, holding conditions and acclimation method were as described in Chapter 2, 
section 2.1. At the start of the experiment, 210 fish with the mean weight of 4.36g ± 0.02g 
were randomly stocked into twenty one (22cm x 48cm x 30cm) flow-through glass tanks, 
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which were randomly assigned to the 7 treatments with 3 replicate tanks per treatment. During 
the 84 days of the experiment, fish were fed to proximate satiation, equivalent to 4% body 
weight of fish per day, twice daily between 9.00 – 9.30 and 17.00 – 17.30, except the days 
before weighing when fish were fed once. Fish were pooled weighed every fortnight in order 
to adjust the amount of feed provided to the fish as well as to monitor the growth of fish.  
 
A total ten initial fish at the beginning of the experiment and five final fish from each tank at 
the end of the experiment were sampled and stored frozen for carcass proximate analysis. The 
specimens for carcass analysis were ground, freeze dried and stored at -20oC for proximate 
analyses. 
  
Table 4.1 Water quality during 12 weeks of the experiment 
Parameters (unit) Values (mean ± S.E) 
DO (mg/L) 7.09  ± 0.15 
pH  6.79 ± 0.05 
Temp (oC) 23.09 ± 0.16 
N-NH3 (mg/L) 0.08 ± 0.01 
N-NO2 (mg/L) 0.003 ± 0.001 
 
In order to ensure maintenance of suitable water quality during the experiment, temperature, 
dissolved oxygen and pH were measured every other day using a TPS WP-81 pH meter and 
TPS WP-91 DO and temperature meter; while ammonia and nitrite concentrations were 
monitored weekly using an YSI 9100 photometer and kit chemicals for water analysis. The 
average water quality measurements are presented in Table 4.1. 
 
Preparation of experimental diets  
 
Feed ingredients, experimental diets formulation and preparation are as described in Chapter 
2, section 2.2 and 2.3. Proximate compositions of feed ingredients are shown in Table 4.2. 
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Table 4.2 Proximate composition and gross energy content of feed ingredients 
Ingredients 
Content 
FM MBM WG Wheat flour 
Proximate composition (g/kg dry matter)   
Protein 715.3 518.8 809.7 185.3 
Lipid 74.9 85.1 1.8 18.5 
Ash 164.4 334.0 6.9 18.0 
Carbohydrate 45.4 62.1 181.6 778.2 
Total P 20.8 48.6 1.8 03.3 
Energy (kJ/g) 20.7 16.7 22.3 18.5 
Indispensable AA (g/kg dry matter)     
Lysine  57.4 27.4 16.0 4.4 
Methionine  20.1 7.3 13.5 1.9 
Leucine  53.2 34.5 60.2 9.8 
Arginine  45.4 40.5 32.3 7.1 
Threonine  30.3 17.0 21.8 4.2 
Histidine  31.0 5.6 17.9 3.5 
Valine  37.5 24.5 35.4 6.5 
Isoleucine  32.3 13.9 33.6 5.4 
Phenylalanine  28.6 19.3 44.0 6.8 
 
In order to determine the effects of dietary WG and MBM on performance of catfish, seven 
isonitrogenous and isocaloric diets were formulated to contain 39% crude protein and 20KJ/g 
dry matter. FM was the main source of dietary protein in the control diet. The experimental 
diets were then formulated to contain either MBM or WG as FM protein substitute. The 
MBM diets were MBM30, MBM45, and MBM60, containing MBM as substitute for 30, 45 
and 60% of dietary FM protein, respectively. The WG diets were WG10, WG20 and WG30, 
containing WG as substitute for 10, 20 and 30% of dietary FM protein, respectively. 
Formulation, proximate composition, AA composition and estimated gross energy of the 
experimental diets are shown in Table 4.3.  
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Table 4.3 Ingredient, proximate and indispensable AA composition of the experimental diets 
Diets Content  
Control WG10 WG20 WG30 MBM30 MBM45 MBM60
Ingredient (g/kg as is)        
FM 500.0 450.0 400.0 350.0 350.0 275.0 200.0
Wheat flour 340.0 341.4 342.8 339.1 320.5 307.2 278.9
MBM 0.0 0.0 0.0 0.0 204.5 306.8 409.1
WG 0.0 43.6 87.2 130.9 0.0 0.0 0.0
Fish oil 50.0 55.0 50.0 50.0 50.0 51.0 52.0
Cellulose 50.0 50.0 60.0 70.0 15.0 0.0 0.0
Mineral 20.0 20.0 20.0 20.0 20.0 20.0 20.0
Vitamine 10.0 10.0 10.0 10.0 10.0 10.0 10.0
CMC 30.0 30.0 30.0 30.0 30.0 30.0 30.0
Proximate composition (g/kg dry matter) 
Protein 383.0 380.3 385.1 383.0 381.1 380.1 379.1
Lipid 109.6 114.6 114.0 109.6 116.0 121.4 124.3
Ash 91.0 82.3 80.4 91.0 137.3 167.1 180.3
Carbohydrate (a)  416.4 422.8 420.5 416.4 365.6 331.4 316.3
Total P 13.8 11.7 10.8 13.8 18.6 22.9 25.5
Gross energy (kJ/g)(b) 20.6 20.8 20.8 20.4 19.9 19.5 19.3
Indispensable AA  (g/kg dry matter)(c) 
Lysine  30.2 28.0 25.9 23.7 27.1 25.5 23.9
Methionine  10.7 10.3 9.9 9.5 9.2 8.4 7.5
Leucine  29.9 29.9 29.9 29.8 28.8 28.2 27.5
Arginine  25.1 24.2 23.4 22.5 26.4 27.1 27.6
Threonine  16.6 16.0 15.4 14.9 15.4 14.8 14.2
Histidine  16.7 15.9 15.2 14.4 13.1 11.3 9.5
Valine  21.0 20.7 20.3 20.0 20.2 19.8 19.3
Isoleucine  17.9 17.8 17.7 17.5 15.9 14.8 13.6
Phenylalanine  16.6 17.1 17.6 18.1 16.1 15.9 15.5
(a) Carbohydrate content was calculated by difference 
(b) Gross energy was estimated from energy density of nutrient components 
(c) Calculated from data presented in Table 4.2 
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Water assessment for phosphorus waste discharged 
 
At the end of each of the growth experiments, fish were retained in static tanks for a further 
three days in order to determine the P excretion of fish. During this period, the fish were fed 
once daily in the morning. Water was then changed and water samples were taken for analysis 
of initial P concentrations. Tank water was then kept static for 24 hours and samples were 
again taken for 24-hour P measurements. P discharged per tank per day was calculated as the 
difference between the total amount of P in tanks after 24 hours and total amount of P in tanks 
at initial measurements. P discharged was expressed as mg of ortho or total P per kg of fish 
per day, which was calculated as follows: 
 
P discharged (mg/kg fish/day) = (24h-P measurement – initial-P measurement)*Vtank/Wt fish 
 
Where: 24-h and initial measurements are the tank P concentration obtained at 24h and initial 
times. Vtank is the volume of fish tank (L); Wtfish is the total weight of fish in each tank (kg). 
Methods for analysis of soluble and total P in water are described in Chapter 2, section 2.6. 
 
Chemical analysis 
 
Proximate analyses of feed ingredients, experimental diets, and whole fish carcass were 
conducted in duplicates based on the procedures of the AOAC (1990). Analytical methods are 
also described in Chapter 2, section 2.4. Amino acids analyses were carried out by the 
Australian Proteome Analysis Facility Ltd, as briefly described in Chapter 2, section 2.4. 
Mineral content of feed ingredients, experimental diets and fish carcasses was analysed 
following the modified AOAC (1990) method, as described in Chapter 2, section 2.5.  
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Data calculations 
 
Final weight, specific growth rate (SGR), feed conversion ratio (FCR), protein efficiency ratio 
(PER), apparent net protein utilization (ANPU), nitrogen intake (NI), nitrogen retention (NR), 
and nitrogen waste (NW); phosphorus intake (PI), phosphorus retention (PR), and phosphorus 
waste (PW) were used as indices to evaluate the affect of dietary treatments on growth and 
nutrient utilization of experimental fish. These parameters were calculated as described in 
Chapter 2, section 2.9 
 
Statistical analysis 
 
Statistical analyses were conducted using SPSS for Windows software version 16.0. As 
described in Chapter 2, section 2.10, the polynomial (linear and quadratic) contrasts were 
used to test the effects of graded levels of dietary MBM or WG (dependent variables) on the 
performance of fish. Planned contrasts were then used to test the differences between the 
means of dietary treatments and the control mean. All statistical significance was tested at 
95% of confidence. Means were treated as significantly different from each other if p < 0.05. 
 
4.3  Results  
 
Growth performance and feed utilization efficiency of fish fed with MBM and WG diets are 
shown in Table 4.4. Quadratic decrease was observed for final weight and SGR of fish while 
quadratic increase was seen in FCR of fish when dietary MBM increased. ANPU of fish were 
linearly decreased with the increase of dietary inclusion of MBM. Only catfish fed with the 
diet MBM30 had a comparable final weight and SGR to the control fish. Fish fed with all 
other MBM diets exhibited significantly lower final weight and SGR compared to those of 
fish fed with the control diet. 
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Table 4.4 Growth and nutrient utilization indices of Australian catfish, fed with diets 
containing graded levels of MBM or WG as a substitute for dietary FM protein (at 24oC for 
84 days, under 12:12 light regime). 
 
Evaluation indices  
IW (g) FW (g) SGR FCR ANPU 
Wheat gluten      
Control 4.38 22.0 1.92 1.58 0.21 
WG10 4.33 19.8 1.81 1.71 0.21 
WG20 4.42 17.7* 1.65* 1.85* 0.17* 
WG30 4.39 17.6* 1.65* 1.87* 0.18* 
S.E.M. N/A 0.61 0.04 0.04 0.01 
Significance ( a)      
Linear N/A p < 0.05 p < 0.05 p < 0.05 p < 0.05 
Quadratic N/A N.S. N.S. N.S. N.S. 
Meat and bone meal     
Control 4.38 22.0 1.92 1.58 0.21 
MM30 4.29 22.3 1.96 1.59 0.21 
MM45 4.32 17.0* 1.63* 1.92* 0.17* 
MM60 4.39 14.8* 1.44* 2.19* 0.16* 
S.E.M. N/A 0.98 0.06 0.08 0.01 
Significance ( a)      
Linear N/A p < 0.05 p < 0.05 p < 0.05 p < 0.05 
Quadratic N/A p < 0.05 p < 0.05 p < 0.05 N.S. 
IW = initial weight of fish; FW = final weight of fish 
(*) Denotes the significant difference of the mean compared to the respective control’s mean, using 
contrasts method (p < 0.05) 
(a) Significance of the linear and quadratic contrasts of dependent variables across treatments 
N/A: Not applicable 
N.S.: Not statistically significant (p ≥ 0.05) 
S.E.M. = standard error mean (n=3) 
 
Final weight, SGR, and ANPU of catfish decreased linearly while FCR increased linearly 
with the increase in dietary inclusion of WG. Only catfish fed with diet WG10 had 
comparable growth to that of the control fish. The final weight and SGR of fish on WG20 and 
 93 
WG30 diets were significantly poorer than that of the control fish. FCR and ANPU of fish fed 
with diet WG10 were statistically comparable to that of fish fed with the control diet while 
FCR and ANPU of fish fed with diets WG20 and WG30 were significantly poorer than those 
of fish fed with the control diet. Inclusion of MBM and WG into diets of catfish did not affect 
the protein, lipid, ash and P content of fish carcass (Appendix 5). 
 
N and P intake, retention, and waste of catfish fed with MBM or WG diets are presented in 
Table 4.5. Inclusion of MBM in diets for Australian catfish did not affect N retention of the 
fish but a quadratic increase was observed for the N waste of fish when the dietary MBM 
increased. Data in Table 4.5 showed that catfish fed with MBM30 had comparable N waste to 
that of the control fish while fish on the MBM45 and MBM60 diets had significantly higher 
levels of N waste compared to that of the control fish. Inclusion of WG in catfish diets did not 
affect the N retention of catfish but significantly increased N waste of the fish. N waste of 
catfish fed with the control diet was statistically comparable to that of fish on the WG10 diet 
while WG20 and WG30 had significantly higher N waste compared to the control fish. 
 
Quadratic increase was observed in P waste of fish fed with MBM diets but quadratic 
decrease was true for P waste of fish fed with WG diets. While there was no significant 
difference in P retention of catfish fed all MBM diets, P waste of fish was significantly higher 
in fish fed with all MBM diets compared to the control fish. No significant difference was 
observed for P waste of fish fed with WG10 and WG20 compared to that of the control fish 
but P waste of fish fed with the WG30 diet was significantly lower than that of the fish fed on 
the control diet. 
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Table 4.5 N and P budgets (g/kg weight gain) of experimental Australian catfish fed with 
diets containing graded levels of MBM or WG as the substitute for dietary FM protein (at 
24oC for 84 days, under 12:12 light regime). 
N budgets P budgets  
Intake Retention  Waste Intake Retention  Waste 
Control 96.6 20.2 76.4 21.8 3.50 18.3 
WG10 104 21.3 82.6 21.7 3.25 18.4 
WG20 114* 19.6 94.5* 21.7 3.15 18.5 
WG30 116* 20.6 95.3* 17.4* 3.27 14.1* 
S.E.M. 2.77 0.48 2.71 0.61 0.11 0.58 
Significance ( a)       
Linear p < 0.05 N.S. p < 0.05 p < 0.05 N.S. p < 0.05 
Quadratic N.S. N.S. N.S. p < 0.05 N.S. p < 0.05 
Control 96.6 20.2 76.4 21.8 3.50 18.3 
MBM30 96.7 19.9 76.8 31.9* 3.46 28.4* 
MBM45 116* 19.9 96.7* 47.7* 2.96 44.8* 
MBM60 133* 20.6 112* 60.0* 3.37 56.6* 
S.E.M. 4.59 0.29 4.54 4.41 0.12 4.44 
Significance ( a)       
Linear p < 0.05 N.S. p < 0.05 p < 0.05 N.S. p < 0.05 
Quadratic p < 0.05 N.S. p < 0.05 p < 0.05 N.S. p < 0.05 
(*) Denotes the significant difference of the mean compared to the respective control’s mean, using 
contrasts method (p < 0.05) 
(a) Significance of the linear and quadratic contrasts of dependent variables across treatments 
N.S.: Not statistically significant (p ≥ 0.05) 
S.E.M. = standard error mean (n=3) 
 
Figure 4.1 presents data on the daily ortho and total P accumulation in tank water of catfish 
fed with different MBM diets. The daily ortho P waste per kg of fish was not significantly 
affected by the dietary MBM at the inclusion levels of 30 and 45% FM protein replacement. 
However, catfish fed with the MBM60 diet had significantly higher daily ortho P waste 
compared to the control fish. Total P waste of catfish fed with diet MBM30 was not 
significantly different from that of fish fed with the control diet but the total P waste was 
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significantly higher in fish fed with diets MBM45 and MBM60 compared to that of the fish 
fed with the MBM30 and the control diet. 
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In the same data series, points denoted with different scripts are significantly different (p < 0.05)  
Figure 4.1 Daily ortho and total P waste of fish fed with graded levels of MBM as dietary 
fishmeal protein replacement, conducted at 24oC (Mean ± S.E., n=3 replicate 
tanks/treatment). 
 
Data on daily ortho and total P waste of catfish fed with WG diets are shown in Figure 4.2. 
Catfish fed with diets WG20 or WG30 had significantly lower daily ortho P waste than fish 
fed with the control diet. According to Figure 4.2, the daily total P waste of catfish fed with 
WG10 and WG20 diets was not significantly different from that of fish on the control diet. 
However, a significant decrease in total P waste was seen in catfish fed with diet WG30 in 
comparison to that of fish fed with the WG10 and the control diets. 
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In the same data series, points denoted with different scripts are significantly different (p < 0.05)  
Figure 4.2 Daily ortho and total P waste of catfish fed with graded levels of WG as dietary 
FM protein replacement, conducted at 24oC (Mean ± S.E., n=3 replicate tanks/treatment). 
 
4.4  Discussion 
 
Among the protein sources trialed in the present study, WG was richest in protein (81%), 
which was also higher than that of FM (72%). MBM is relatively rich in protein (52%) 
compared to other alternative ingredients, including SBM and CM. Since protein content of 
feed ingredients was varied, the actual inclusion levels of MBM and WG to replace the same 
level of dietary FM protein were different. With 50% FM in the control diet, in order to 
replace 30, 45 and 60% of dietary FM protein, MBM had to be included in the diets at 20.5, 
30.7 and 40.9%, respectively. In the case of WG, since its protein content is higher than MBM 
and also higher than FM, the actual inclusion level in order to replace 10, 20 and 30% dietary 
FM protein were 4.36, 8.72 and 13.1%, respectively. At the same level of 30% FM protein 
replacement, a higher level of MBM was included in the diet in comparison to that of WG. 
This ensured that protein content of all diets was identical and the effects of dietary treatments 
were not altered by any other factors except the replacement of dietary FM protein. 
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WG and MBM were both deficient in lysine and methionine. As a result, the content of these 
AAs in FM replacement diets proportionally decreased with the inclusion of alternative 
ingredients. In addition, threonine content of the two ingredients was lower than that of FM 
although MBM is more deficient in threonine than WG. This AA deficiency could be the 
cause of the poor growth and feed utilization of experimental fish. The ash content of the 
selected protein sources appeared different from the result of the proximate analyses. Due to 
the nature of an animal by-product, MBM had the highest ash content compared to all other 
selected ingredients, including FM. This could possibly be the main cause of high P waste of 
catfish on MBM diets since ash contains significant amounts of bone P, which is indigestible 
for fish. Conversely, P content of WG was very low compared to both FM and MBM, which 
could result in low P waste of fish. As a result of the variation in P content among the 
alternative ingredients, the total dietary P increased with the increase of dietary MBM while 
the opposite was applied to WG diets. This could be a reason for the high P waste of fish fed 
with MBM diets compared to that of fish fed with WG diets. 
 
WG has been commonly trialed in combination with other plant protein sources, such as corn 
gluten, SBM or some other oilcake by-products. For example, Molina-Poveda and Morales 
(2004) used WG as a protein source in an equal mixture of WG and barley-based fermented 
grains to replace marine protein source in diet for white shrimp, Litopenaeus vannamei. The 
study revealed that a mixture of WG and fermented grains could replace up to 33% of marine 
animal protein in diets of the shrimp. Hansen et al. (2007) found that up to 50% of FM protein                  
in diets of Atlantic cod could be replaced with a mixture of WG, SBM, and soybean 
concentrate, in which WG constituted 50% of the plant protein mixture, without any negative 
effect on the growth and feed utilization efficiency of the fish. This study also indicated that 
free lysine in muscle of fish decreased when significant amount of FM protein was substituted 
by the plant protein blend, which suggested the deficiency in lysine and methionine of plant 
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protein sources, including WG. Similarly, Fournier et al. (2004) successfully replaced 50% of 
dietary FM in diet for juvenile turbot with a mixture of 25% corn gluten, 50% WG and 25% 
lupin meal. However, since WG was used in combination with other plant protein sources, 
results from these studies were not comparable with the results from the present study, where 
WG was used as the sole alternative ingredient. 
 
The sole use of WG to replace FM protein in diets for aquaculture species has only been 
reported in a few studies. In a study on Atlantic halibut, Hippoglossus hippoglossus, Helland 
and Grisdale-Helland (2006) successfully replaced 20% of dietary FM protein with WG 
without detrimental effect on the growth and feed utilization efficiency of the fish. In the 
present study, the acceptable inclusion level of WG in diets for Australian catfish was only 
10% FM protein replacement (4.67% WG in the diet), lower than in Atlantic halibut. The 
difference could be ascribed to the variation in FM content in the control diets of the two 
studies. Indeed, since the control diet in Helland and Grisdale-Helland’s (2006) study 
contained high proportion of FM, the constitution of FM in all the replacement diets remained 
high. Consequently, the content of all limiting indispensable AAs in WG diets was high and 
relatively comparable to that of the control diet. As a result, the effects of dietary WG were 
lessened and the acceptable inclusion level of WG was higher. Therefore, it could be 
recommended that it is important to consider the FM content of the control diet when 
comparing the acceptable inclusion level of an alternative ingredient to FM. A similar 
suggestion was made by Wang et al. (2006a) who found that higher acceptable inclusion 
levels of MBM were usually observed in studies when FM was used excessively in the 
respective control diets. 
 
Feed utilization indices could be good indicators for the negative effects of dietary WG on the 
performance of Australian catfish as revealed in the present study. Poorer FCR, PER, and 
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ANPU of fish fed with high dietary WG indicated that the catfish poorly utilized WG. In a 
similar study, Helland and Grisdale-Helland (2006) found no effects of dietary WG on FCR 
of Atlantic halibut. This difference may be due to the biological differences between the two 
species that could have different feeding behaviours. In addition, since the FM and protein 
content were different, it is difficult to compare the feed and protein utilization efficiency of 
fish between the two studies. 
 
The effect of dietary WG on protein and lipid content of final fish carcass was in agreement 
with Helland and Grisdale-Helland’s study, which revealed that fish carcass protein tended to 
decrease while carcass lipid tended to increase with the increase of dietary WG. However, no 
significant differences were found in carcass proximate composition of catfish fed with 
different levels of dietary WG while significant impacts of dietary WG carcass protein and 
lipid of Atlantic halibut were recorded in the study by Helland and Grisdale-Helland (2006). 
This was in line with a study by Pfeffer et al. (1992) who fed rainbow trout with 100% WG 
protein and found a significant decrease in carcass protein and increase in carcass lipid. These 
authors also reported that the impact mostly ceased when lysine was added to the WG diets. 
Therefore, it could be suggested that dietary lysine had a significant effect on carcass protein 
and lipid of fish.  
 
Another study on WG was done by Storebakken et al. (2000), who found that protein 
digestibility of feed for Atlantic salmon increased with the increase of dietary WG. High 
digestibility of WG has been reported in many species, such as European Sea bass, 
Dicentrarchus labrax (Robaina et al., 1999) and rainbow trout, Oncorhynchus mykiss (Pfeffer 
et al., 1995).  Storebakken et al. (2000) also found that 35% of FM protein could be replaced 
by WG with no effect on growth and feed utilization. All these accepted levels of dietary WG 
are higher than that found in the present study on the Australian catfish. However, WG was 
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trialed in different species and different levels of dietary protein as well as FM content. This 
could therefore account for the difference. 
 
The acceptable inclusion levels of MBM in diets for fish were highly variable from species to 
species. In some species, MBM could only replace a limited proportion of dietary FM, such as 
16.6% in diets of red drum, Sciaenops oscellatus juveniles (Kureshy et al., 2000); 20% in 
diets of gibel carp, Carassius auratus gibelio (Zhang et al., 2006) and gilthead seabream, 
Sparus aurata (Robaina et al., 1997); 25% in diets of white shrimp, Litopenaeus vannamei 
(Forster et al., 2003); and 30% in diets of cuneate drum, Nibea miichthioides (Wang et al., 
2006). However, MBM was found a better FM substitute in diets of some other species. For 
example, 45% FM replacement was accepted in diets of yellow croaker, Pseudosciaena 
crocea (Ai et al., 2006), and hybrid strip bass, Morone chrysops x M. saxatilis (Bharadwaj et 
al., 2002) without any negative effects on the growth of the species. The differences between 
studies were usually attributed to the quality of MBM used and feeding habit of the species of 
concern (Wang et al., 2006, Zhang et al., 2006). In the current study, only 30% of dietary FM 
protein could be replaced by untreated MBM without compromising the growth of the fish, 
which was higher than the acceptable inclusion of other selected ingredients of plant origins. 
However, water pollution should be considered and MBM evaluated carefully regarding its 
high P content which could cause high P waste of fish as shown in the results of this study.  
 
FCR and PER of catfish were significantly poorer in fish fed with high dietary inclusion of 
MBM. This effect was in agreement with the results from many other studies (Watanabe and 
Pongmaneerat, 1991, El-Sayed, 1998, Bureau et al., 2000, Yang et al., 2004b). The poor feed 
and protein utilization efficiency of fish was commonly attributed to the low protein 
digestibility of MBM diets due to its high ash content (Robaina et al., 1997, Ai et al., 2006, 
Zhang et al., 2006). This assumption could be true in the present study on Australian catfish 
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since the ash content of the MBM60 diet was almost double that of the control FM diet. In 
addition, the ash content of all MBM diets was higher than that of the control diet and 
increased with the increase of dietary MBM. 
 
Although dietary MBM was reported to have no effects on the proximate composition of 
many fish species, such as gibel carp, Carassius auratus gibelio (Zhang et al., 2006, Hu et al., 
2008); cuneate drum, Nibea miichthioides (Wang et al., 2006); and yellow croaker, 
Pseudosciaena crocea (Ai et al., 2006), significant effects have also been reported the studies. 
For example, Ai et al. (2006) found significantly lower carcass lipid when 45% or more FM 
was replaced by MBM in diets for yellow croaker. These authors also an the increase in 
moisture content in the carcass of fish fed with MBM diets. The variation in the effects of 
dietary MBM on proximate composition of fish among the studies was attributed to the 
differences in the proportion of dietary FM in the control diets. A higher FM content in 
control diets may need a higher inclusion level of MBM in the replacement diet to replace the 
same proportion of dietary FM protein in the control diet (Yang et al., 2004a, Ai et al., 2006), 
resulting in effects on carcass composition. In the present study, there were no significant 
effects of dietary MBM on proximate composition of catfish carcass, though significant 
differences were found in protein and P utilization efficiency of catfish fed with high 
inclusion levels of dietary MBM. 
 
The low acceptable dietary WG in Australian catfish revealed in the present study might be 
due to the poor lysine content of the meal compared to FM, which resulted in lower content of 
the AA in WG diets compared to the control diet. Indeed, dietary lysine of WG diet was about 
7.5% lower than that of control diet when 10% of dietary FM protein was replaced with WG. 
In addition, lysine content of the diets WG20 and WG30, which had a significant effect on the 
performance of the fish, was 15.36% and 25.10% lower than that of the control diet, 
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respectively. In addition, there was a similar effect of lysine in MBM diets when a 
significantly poorer growth performance was observed in fish on the MBM45 and MBM60 
diets, which had 17.34% and 24.71% lower lysine content than the control diet. Therefore, it 
could be concluded that lysine had significantly negative effects on the performance of catfish 
and addition of lysine might improve the use of MBM and WG in diets for the fish. In fact, 
supplementing diets with limiting AAs has been a common practice to improve the acceptable 
level of alternative protein sources, including WG and MBM, in diets for fish. Davies et al. 
(1997) found that adding lysine, at suitable levels, into WG-based diet for rainbow trout 
significantly improved the growth of the fish as well as the digestibility of WG for fish. 
However, this author also argued that overuse of dietary free lysine could cause poorer growth 
performance of fish due to the imbalance of AA synthesis as a consequence of the preferential 
absorption of free lysine in advance of protein-bound AAs. 
 
The estimated N waste was high when replacing FM with either WG or MBM. Similar 
findings were reported in previous studies. Zhang et al. (2006) found that N loading of fish 
was increased with the increase of dietary MBM in diet for juvenile gibel carp when N 
loading was defined as the N amount that was not retained by fish from the N intake. Wang et 
al. (2006) also similarly observed significantly lower N retention of cuneate drum, Nibea 
miichthioides fed with high dietary MBM in comparison to that of fish fed with the control 
FM diet. Poor retention and high waste of dietary N have been commonly reported in studies 
on the use of alternative feed ingredients to FM (Medale et al., 1998, Tantikitti et al., 2005). 
These negative effects of alternative ingredients were attributed to the poor quality and 
imbalanced AA profile of the proteins in the alternatives compared to that of FM (Medale et 
al., 1998, Tantikitti et al., 2005, Zhang et al., 2006). The lysine content in WG was only one 
third that of FM while methionine content of MBM was only a half that of FM. As a result, 
lysine content of WG diets and methionine content of MBM diets were proportionally 
decreased with the increase of the alternative ingredients. This may suggest that the use of 
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MBM and WG could be improved when these limiting AAs are supplemented in diets with 
high inclusion of these ingredients. 
 
Catfish fed diet WG30 had the lowest estimated P waste and the lowest daily ortho P and total 
P waste in tank water. Although low inclusion of WG did not result in any significant 
reduction in P waste, the dietary inclusion of WG tended to reduce P waste of fish with 
significant reduction in the total P waste at the inclusion of 30% FM protein replacement. The 
significantly lower P waste of catfish fed with WG diets in the present study was in line with 
the study by Rodehutscord et al. (1994) who reported that the surplus P in diets could be 
avoided if FM was replaced by WG. This author also attributed this effect of dietary WG to 
its low P content compared to FM. Skonberg et al. (1998) reviewed that WG was one of the 
low P protein sources that were being used to formulate low-P aqua-feeds in order to reduce P 
pollution in the aquatic environment. The low P waste of fish suggested that WG is a 
promising alternative ingredient if additional treatments are used to increase the acceptability 
of its inclusion in diets. 
 
Dietary MBM had significantly negative effects on P waste of Australian catfish. At the 
inclusion of 30% FM protein replacement, dietary MBM caused significantly higher 
estimated P waste by the fish. This was in line with the findings by Zhang et al. (2006), who 
ascribed the high P loss of juvenile gibel carp, Carassius auratus gibelio to the high ash 
content of MBM. However, data on the daily P waste in tank water showed a slight 
difference. Inclusion of MBM as 30% FM protein replacement did not have any negative 
impact on the daily ortho and total P waste of the catfish. However, the daily ortho P and total 
P waste were significantly elevated when 45% and 60% of dietary FM protein, respectively, 
was replaced with MBM. This result demonstrated that using MBM had greater immediate 
effect on total P waste than on ortho P waste of catfish. The different effects of MBM on the 
types of P waste could be attributed to the high ash content which is the main source of bone 
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P and believed to be less digestible by fish than organic P (Hua et al., 2005). Hue et al. (2005) 
also reported that MBM had very high bone P to total P ratio, ranging from 71.73% to 93.65% 
and there was a positive relationship between ash and bone P content of various animal 
protein sources, including MBM. This type of P waste from MBM could be unavailable to 
other organisms as well and thus it may have minimal effects on water pollution. Therefore, 
MBM could be a potential alternative for FM in diets of Australian catfish since up to 45% of 
dietary FM could be replaced with MBM without increasing ortho P waste of the fish. Apart 
from the environmental impacts, the low price and fairly high protein content could be other 
important factors for considering MBM as an alternative for FM in fish diets. 
 
4.5  Conclusions 
 
WG was poorly accepted by Australian catfish with only 10% of FM replaceable without any 
negative effects on the growth and feed utilization efficiency of catfish. MBM is more 
acceptable by catfish with the inclusion level of 30% FM protein replacement. The use of 
either MBM or WG at higher than these accepted inclusion levels not only caused 
significantly poorer growth performance, feed and protein utilization efficiency of the fish but 
also resulted in significantly higher N waste output of fish. Replacement of 30% FM protein 
with WG significantly reduced both the estimated P waste and daily total P waste. High 
inclusion of MBM in diet for Australian catfish increased ortho and total P waste of the fish. 
However, MBM could still be considered a promising alternative for FM in diets of 
Australian catfish since (1) It is cheaper but contains a comparable level of protein compared 
to FM; (2) Its nutritive value could be improved by supplementing AAs; (3) Replacement of 
up to 45% of dietary FM with MBM did not result in higher ortho P waste. 
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CHAPTER 5: EFFECTS OF PHYTASE AND OTHER NUTRIENT 
SUPPLEMENTS IN SOYBEAN MEAL DIETS ON PERFORMANCE AND 
WASTE PRODUCTION OF AUSTRALIAN CATFISH, TANDANUS TANDANUS 
 
Abstract 
 
This study aimed to determine the appropriate inclusion level of soybean meal (SBM) in diets of 
the Australian catfish (T. tandanus) using phytase, amino acids (AA), and phosphorus (P) 
supplements in two 12-week feeding experiments. Fishmeal (FM) was the main protein source in 
the control diets of both experiments. Protein and gross energy content was identical in all diets. 
In the first experiment, 4 test diets containing the same level of SBM as replacement of 30% FM 
protein in the control diet were supplemented with graded levels of phytase in the range of 1000 - 
3000 FTU/kg feed. In the second experiment, the four test diets containing SBM as replacement 
of 45% FM protein in the control diet were supplemented with different combinations of nutrient 
supplements, including phytase, AAs, and inorganic P. In experiment 1, inclusion of phytase at 
the dose of 3000 FTU/kg significantly improved growth performance and feed utilization of 
catfish. Phytase did not affect the proximate and mineral composition of the fish, except the fat 
content. Ortho P waste was significantly lower in fish on SBM diets. At 30% FM protein 
replacement, adding phytase into SBM diets significantly lowered total P waste of catfish.  In 
experiment 2, at 45% FM protein replacement, phytase did not improve the growth and feed 
utilization of catfish fed with SBM diet but adding both phytase and AAs significantly improved 
growth performance and feed utilization of the fish. Supplementation of inorganic P significantly 
decreased P utilization and significantly increased P waste of fish despite the better growth 
performance of the fish. Dietary phytase significantly improved P utilization efficiency of catfish 
at both levels SBM inclusion. P utilization efficiency of catfish could be correlated to the P waste 
of the fish. 
 106 
5.1 Introduction 
 
Soybean meal (SBM) has shown to be a promising alternative protein sources for FM protein 
in diets for many fish species. The inclusion levels were however highly varied in previous 
studies on different species, such as sharpsnout seabream, Diplodus puntazzo (Hernandez et 
al., 2007, Pham et al., 2007); rainbow trout, Oncorhynchus mykiss (Heikkinen et al., 2006, 
Barrows et al., 2007); Atlantic cod, Gadus morhua (Forde-Skjaervik et al., 2006); cuneate 
drum, Nibea miichthioides (Wang et al., 2006); European sea bass, Dicentrarchus labrax 
(Tibaldi et al., 2006); gilthead seabream, Sparus aurata (Venou et al., 2006); juvenile cobia, 
Rachycentron canadum (Chou et al., 2004). Besides the species differences, being a basic 
cause of the variations, there are more factors that have significant effects on the use of SBM 
in diets for fish, including the type of the meal; the pre-treatment methods; and the nutrient 
supplements supplied to the diets. Results from previous experiments in Chapter 3 showed 
that only 15% of FM protein could be replaced by raw SBM without any negative impacts on 
growth and feed utilization of the Australian catfish. This inclusion level is rather low 
compared with diets used by previous researchers (Kikuchi, 1999, Chou et al., 2004, 
Hernandez et al., 2007). Due to the biological nature of the bean, SBM contains many anti-
nutritional factors such as tannin, saponin, and especially phytic acid (Ravindran et al., 1994, 
Glencross, 2003, Gatlin III et al., 2007). Moreover, the AA profile of SBM has been proved 
to be imbalanced in methionine and lysine (Emmert and Baker, 1995, Tibaldi et al., 2006). 
All these nutritional factors have been reported to cause negative effects on fish growth and 
nutrient utilization of fish when fed with high levels of SBM (Higgs et al., 1982, Higgs et al., 
1995).  
 
Phytic acid is considered the most limiting factor in SBM. While phytate is the main form of 
P storage in the product, constituting about 60% to 70% of its total P (Ravindran et al., 1994, 
Pontoppidan et al., 2007), it is indigestible by monogastric animals, including fish (Debnath 
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et al., 2005, Nwanna and Schwarz, 2008). Further, phytic acid chelates with many elements 
causing low bio-availability of these elements (Masumoto et al., 2001). In addition, phytic 
acid forms insoluble phytate-protein resulting in low protein utilization efficiency. Phytase 
has proved a good solution for the problems of including phytate in feed. Indeed, beneficial 
effects of phytase on the bioavailability of many elements have been well documented 
(Debnath et al., 2005). In addition, the use of phytase has positive effects on the growth 
performance, feed and protein utilization efficiency of fish when high levels of SBM were 
included in diets for many fish species, including the common carp, Cyprinus carpio (Sardar 
et al., 2007); Tilapia (Liebert and Portz, 2007); red seabream, Pagrus major (Biswas et al., 
2007); Korean rockfish, Sebastes schlegeli (Yoo et al., 2005); catfish, Pangasius pangasius 
(Debnath et al., 2005) ; rainbow trout, Oncorhynchus mykis (Vielma et al., 2000, Vielma et 
al., 2004) ; Japanese flounder, Paralichthys olivaceus (Masumoto et al., 2001) and many 
other species. The levels of inclusion at which phytase can improve fish growth and nutrient 
utilization of fish are largely varied and depend on species of interest, phytase sources, and 
amount of substrate for phytase in formulated diets (Cao et al., 2007). In addition, inclusion of 
SBM and phytase in fish diets have also shown significant effects on mineral deposition of 
fish, such as in common carp, Cyprinus carpio (Nwanna et al., 2007, Nwanna and Schwarz, 
2007, Sardar et al., 2007, Nwanna and Schwarz, 2008), and African catfish, Ictalurus 
punctatus (Imorou Toko et al., 2008). Therefore, though information on the use of phytase is 
available for many species, there is still clearly a need for determination of appropriate 
phytase dose for a particular species of interest. Moreover, the use of combinations of nutrient 
supplements, such as AA, inorganic P and phytase to fortify high-soybean-meal-diets is not 
common in the literature. Combinations of these supplements may help increase inclusion 
levels of oilcake meal in fish diets. Sajjadi and Carter (2004a) studied differences in the 
effects of phytase and P when they were supplemented separately or jointly into diets for 
Atlantic salmon, Salmo salar. The study found that inclusion of phytase or P did not improve 
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the growth of fish. However, no other similar study evaluates effects of AA supplement in 
combination with phytase or in combination with P on fish growth and feed utilization. 
 
Since untreated SBM was poorly accepted in diets for catfish, as demonstrated in Chapter 3, 
this study used phytase and nutrient supplement, including limiting AAs and inorganic P at a 
higher SBM inclusion level, to evaluate the effects of these treatments on catfish. Growth 
performance, feed and nutrient utilization, as well as waste production of the fish were used as 
evaluation parameters. 
 
5.2 Materials and methods 
Experimental procedures 
 
This study consisted of two experiments, experiment 1 and experiment 2. Fish used for both 
experiments were procured from Namoi Valley Aquafarming Pty. Ltd., New South Wales 
Australia. Holding conditions and acclimation method were as described in Chapter 2, section 
2.1. 
 
In experiment 1, 150 fish with a mean weight of 6.03g ± 0.01g were randomly stocked into 
fifteen 22cm x 50cm x 30cm flow-through glass tanks, which were previously randomly 
assigned to 5 treatments with 3 replicate tanks per treatment. Similarly, at the start of the 
experiment 2, 105 fish with a mean weight of 12.74g ± 0.04g were randomly stocked into 
fifteen 36cm x 50cm x 30cm flow-through glass tanks, which were previously randomly 
assigned to 5 treatments with 3 replicate tanks per treatment. During the 84 days of both 
experiments, fish were fed to proximate satiation equivalent to 4% body weight of fish, twice 
daily between 9.00 – 9.30 and 17.00 – 17.30, except the days before weighing when fish were 
fed once. 
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In both experiments, an additional ten initial fish, and five final fish from each tank at the end 
of the experiment, were sampled. Specimens were ground, freeze dried and stored at -20oC for 
proximate analysis. All fish were weighed at the beginning and the end of the experiment in 
order to allow for calculation of fish growth. The pooled weight of the fish in each tank was 
monitored bi-weekly during the course of the experiment in order to evaluate the growth of 
fish as well as to estimate the amount of feed provided to fish. 
  
In order to ensure maintenance of suitable water quality during the experiment, temperature, 
dissolved oxygen and pH were measured every other day using a TPS WP-81 pH meter and 
TPS WP-91 DO meter and thermometer, while ammonia and nitrite were monitored weekly 
using the method suggested by Boyd and Tucker (1992) and described in Chapter 2, section 
2.7. The average water quality measurements are presented in Table 5.1. 
 
Table 5.1 Mean water quality during the 12 weeks of the 2 experiments 
 
Value (mean ± SE) 
Parameters (unit) 
Experiment 1 Experiment 2 
DO (mg/L) 8.07 ± 0.08 8.17 ± 0.01 
pH  6.84 ± 0.03 6.72 ± 0.01 
Temp (oC) 24.20 ± 0.05 24.77 ± 0.03 
N-NH3 (mg/L) 0.08 ± 0.01 0.11 ± 0.011 
N-NO2 (mg/L) 0.03 ± 0.001 0.01 ± 0.002 
 
 
Preparation of experimental diets  
 
Feed ingredients, experimental diets formulation and preparation are as described in Chapter 
2, section 2.2 and 2.3. Proximate compositions of feed ingredients are shown in Table 5.2. 
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Table 5.2 Proximate composition, AA profile, and gross energy content of feed ingredients. 
Ingredients 
 
FM (c) SBM (c) Wheat flour (c) 
Proximate composition (g/kg dry matter) 
Protein 715.3 507.2 185.3 
Lipid 74.9 21.4 18.5 
Ash 164.4 69.0 18.0 
Carbohydrate (a) 45.4 402.3 778.2 
Crude fibre 3.7 34.2 14.5 
Total P 20.8 8.7 4.5 
Phytic acid ND 19.0 12.8 
Energy (kJ/ g) (b) 20.7 19.8 18.5 
Indispensable  AA (g/kg dry matter)    
Arginine  45.4 32.7 7.1 
Histidine  31.0 10.7 3.5 
Isoleucine  32.3 18.8 5.4 
Leucine  53.2 30.4 9.8 
Lysine  57.4 23.3 4.4 
Methionine  20.1 3.6 1.9 
Phenylalanine  28.6 19.4 6.8 
Threonine  30.3 15.2 4.2 
Valine  37.5 19.8 6.5 
(a)Carbohydrate content was calculated by difference 
(b) Gross energy was estimated from energy density of nutrient components 
(c)Commercial feed ingredients provided by Ridley Aquafeed Australia (Narangba, Queensland, 
Australia) 
 
Since previous experiments showed that replacing 30% of FM protein by SBM caused 
significantly poorer growth of fish, the test diets in experiment 1 were formulated to contain 
SBM to replace 30% of FM protein in the control diet. The control diet (Control) was 
prepared with FM as the main protein source. Four test diets, containing SBM, were 
formulated to provide 390 g/kg crude protein and 20 KJ/g of energy. Tests diets, named 
SM30, SM30P1, SM30P2, and SM30P3, contained graded phytase levels of 0, 1000, 2000 
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and 3000 FTU/kg, respectively. Formulation, proximate composition and estimated AA 
content of experimental diets are presented in Table 5.3. 
Table 5.3 Ingredients and proximate composition of experimental diets in Experiment 1 
 Diets 
 Control SM30 SM30P1 SM30P2 SM30P3 
Ingredient (g/kg as is)      
FM 500.0 350.0 350.0 350.0 350.0 
Wheat flour 310.0 306.3 306.3 306.3 306.3 
SBM 0.0 233.7 233.7 233.7 233.7 
Fish oil 50.0 40.0 40.0 40.0 40.0 
Cellulose 80.0 10.0 9.8 9.6 9.4 
Phytase(a) 0.0 0.0 0.2 0.4 0.6 
Mineral 20.0 20.0 20.0 20.0 20.0 
Vitamine 10.0 10.0 10.0 10.0 10.0 
CMC 30.0 30.0 30.0 30.0 30.0 
Proximate composition (g/kg dry matter) 
Protein 394.0 389.4 378.9 375.7 381.5 
Lipid 112.7 98.7 98.5 97.5 93.2 
Ash 96.5 88.1 96.2 92.1 92.3 
Carbohydrate(b)  396.8 423.8 426.4 434.7 433.0 
Phytate (c) 3.7 7.6 7.6 7.6 7.6 
Phytase activity (FTU/kg) ND ND 1046 1828 2722 
Total P 14.2 12.6 11.9 11.7 12.3 
Gross energy (kJ/g)(d) 20.6 20.4 20.2 20.2 20.2
For both Tables 5.3 & 5.4, ND = not determined 
(a) Ronozyme CT 5000P from DMS Australia 
(b) Carbohydrate content was calculated by difference 
(c) Estimated from the phytate content of SBM and wheat flour incorporated in the diets 
(d) Gross energy was estimated from energy density of nutrient components 
(e) Calculated using data from Table 5.2 
 
In experiment 2, in order to test the effect of different combinations of nutrient supplements, 
test diets were formulated to contain SBM as 45% FM protein replacer. Similarly, FM was 
used to provide the main protein source of the control diet (Control). Four test diets, SM45, 
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SMPT, SMPTA, and SMPA, were formulated to provide 390 g/kg crude protein and 20 kJ/g 
of energy and all contained SBM as substitute for 45% of the FM protein in the control diet. 
While SM45 had no nutrient supplement, SMPT contained only phytase at 3000 FTU/kg. In 
diet SMPTA, in addition to phytase, crystal methionine and lysine were supplemented in 
order to equalize the content of these limiting AAs in SBM diets and the control diet. These 
calculations were based on the estimated AA profile of the two diets. SMPA were 
supplemented with both AA and organic P but not with phytase. The amount of supplemented 
P was calculated in order to supply the diet with the additional 75% of P constituted by the 
incorporated SBM, as it is bound in phytate indigestible form, plus to fill in the gap of P 
content between the control and the SBM diets. Formulation, approximate composition and 
estimated AA content of experimental diets are presented in Table 5.4. 
Water assessment for P waste discharged 
 
At the end of each of the growth experiments, fish were retained in static tanks for a further 
three days in order to determine the daily P waste of catfish. During this period, the fish were 
fed once daily in the morning. Water was then exchanged and water samples were taken for 
analysis of initial P concentrations. Tank water was then kept static for 24 hours and samples 
were again taken for 24-hour measurements of P concentrations. P waste per tank per day was 
calculated as the difference between the total amount of P in tanks after 24 hours and total 
amount of P in tanks at initial measurements. P waste was expressed as mg of ortho or total P 
per kg of fish per day, which was calculated as follows: 
 
P discharged (mg/kg fish/day) = (24h-P measurement – initial-P measurement)*Vtank/Wt fish 
 
Where: 24-h and initial measurements are the tank P concentration obtained at 24h and initial 
times. Vtank is the volume of fish tank (L); Wtfish is the total weight of fish in each tank (kg). 
Methods for analysis of soluble and total P in water are described in Chapter 2, section 2.6. 
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Table 5.4 Ingredient, proximate composition, and estimated AA content of experimental diets 
in Experiment 2 
 Diets 
 Control SM45 SMPT SMPTA SMPA 
Ingredient (g/kg as is)      
FM 500.0 275.0 275.0 275.0 275.0
Wheat flour 295.0 284.4 283.8 284.4 284.4
SM 0.0 325.6 325.6 325.6 325.6
Fish oil 50.0 30.0 30.0 30.0 30.0
Cellulose 110.0 40.0 40.0 30.4 13.0
Mineral 5.0 5.0 5.0 5.0 5.0
Vitamine 10.0 10.0 10.0 10.0 10.0
Phytase(a) 0.0 0.0 0.6 0.6 0.0
L-Lysine-HCl 0.0 0.0 0.0 5.0 5.0
L-Methionine 0.0 0.0 0.0 4.0 4.0
Na2HPO4 0.0 0.0 0.0 0.0 18.0
CMC 30.0 30.0 30.0 30.0 30.0
Proximate composition (g/kg dry matter) 
Protein 363.0 359.1 355.5 365.7 365.7
Lipid 104.9 97.6 87.3 89.3 92.3
Ash 92.7 85.7 81.3 83.0 102.1
Carbohydrate(b)  439.4 457.6 475.9 462.0 439.9
Phytase activity (FTU/kg) ND ND 2981.94 3058.15 ND
Phytate (c) 3.2 8.8 9.0 8.8 8.8
Total P 14.3 10.8 10.6 10.3 15.3
Gross energy (kJ/g)(d) 17.9 18.0 18.1 18.1 17.8
Indispensable AA profile  
(g/kg dry feed) (e) 
Control Non-AA  
SBM diets  
AA supplemented 
SBM diets 
Arginine  24.6 25.0 25.0
Histidine  16.4 12.9 12.9
Isoleucine  17.5 16.4 16.4
Leucine  29.2 27.1 27.1
Lysine  29.9 24.5 29.5
Methionine  10.6 7.2 11.2
Phenylalanine  16.1 16.0 16.0
Threonine  16.2 14.4 14.4
Valine  20.5 18.5 18.5
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Chemical analysis 
 
Proximate analyses of feed ingredients, experimental diets, and fish carcass were conducted in 
duplicates based on the procedures of the AOAC (1990). Analytical methods are also 
described in Chapter 2, section 2.4. Phytate content of feed ingredients was determined by 
Symbio Alliance Laboratory Service following the method in Chapter 2. AAs analyses were 
carried out by the Australian Proteome Analysis Facility Ltd, as described in Chapter 2, 
section 2.4. Mineral content of feed ingredients, experimental diets, and fish carcasses was 
analysed following method described by AOAC (1990), as described in Chapter 2, section 
2.5. Phytase enzyme activity was determined following the method developed by Eeckhout 
and De Paepe (1994) as described in Chapter 2, section 2.7.  
Data calculations 
 
Final weight, specific growth rate (SGR), feed conversion ratio (FCR), protein efficiency ratio 
(PER), apparent net protein utilization (ANPU), nitrogen intake (NI), nitrogen retention (NR), 
and nitrogen waste (NW); phosphorus intake (PI), phosphorus retained (PR), and phosphorus 
waste (PW) were used as indices to evaluate the affect of dietary treatments on growth and 
nutrient utilization of experimental fish. These parameters were calculated as described in 
Chapter 2, section 2.9. 
 
Statistical analysis 
 
Statistical analyses were conducted using SPSS for Windows software version 16.0. One way 
analysis of variance (ANOVA) was used to test the statistical significance of the differences 
between the experimental treatments at 95% of confidence. The Levene’s test was used to test 
homogeneity of variances. The LSD post hoc test was performed to test the differences 
between the means at 95% confidence. Data in percentage were transformed using arc sine or 
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arc tan of the square root of the value. Means were treated as significantly different from each 
other if p < 0.05. 
 
5.3 Results 
Experiment 1 
 
The results from experiment 1 showed that replacing 30% of FM by SBM in Australian 
catfish diets significantly diminished the growth and feed utilization of the fish. Final weight, 
SGR, percentage weight gain, FCR and PER of fish fed diet SM30 were significantly poorer 
than that of the control diet (p < 0.01) (Table 5.5). Phytase supplemented at the doses of 1000 
and 2000 FTU/kg feed did not improve fish growth performance but phytase at a dose of 
3000FTU/kg feed significantly increased the growth of the fish. Final weight of the fish fed 
diet SM30P3 was not significantly different from that of fish fed the control but was 
significantly different from that of fish fed diet SM30 (p < 0.05). SGR of the fish fed with diet 
SM30P3 were statistically identical to fish fed with the control and diet SM30 (p > 0.05). The 
FCR of fish fed with all SBM supplemented diets was not significantly different from each 
other but were significantly greater than that of fish fed the control diet (p < 0.05).  
 
Table 5.5 Growth indices of Australian catfish fed with SBM diets supplemented with graded 
levels of phytase (at 24oC for 84 days, under 12:12 light regime) 
 Control SM30 SM30P1 SM30P2 SM30P3 
Initial weight (g) 6.03 ± 0.06 6.00 ± 0.02 6.05 ± 0.09 6.01 ± 0.03 6.05 ± 0.03 
Final weight (g) 26.8a ± 0.82 23.4b ± 0.41 23.6bc ± 0.57 23.6bc ± 0.98 25.7ac ± 0.71 
SGR 1.77a ± 0.03 1.62b ± 0.02 1.62b ± 0.03 1.63b ± 0.05 1.72ab ± 0.04 
FCR 1.52a ± 0.03 1.69b ± 0.03 1.72b ± 0.03 1.66b ± 0.03 1.62b ± 0.04 
PER 1.67a ± 0.04 1.52b ± 0.02 1.53bc ± 0.03 1.60abc ± 0.03 1.61ac ± 0.04 
ANPU 0.22 ± 0.02 0.20 ± 0.01 0.20 ± 0.01 0.19 ± 0.01 0.21 ± 0.01 
PhER 46.3a ± 0.99 47.0ab ± 0.72 48.7ac ± 0.87 51.5c ± 0.93 49.9bc ± 1.23 
Values are expressed as mean ± SE (n=3; replicates per each treatment); in the same rows, values indicated with 
same superscript are not significantly different (p > 0.05) 
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Protein and P efficiency ratios are also presented in Table 5.5. The results showed that fish 
fed with the SM30 diet had significantly poorer PER compared to that of fish on the control 
diet (p < 0.01) and addition of phytase at the doses of 1000 and 2000 FTU/kg feed did not 
improve PER of fish. However, PER of fish fed diet SM30P3 was significantly higher than 
that of fish fed with diet SM30 and was comparable to that of the control fish. There was no 
significant effect of dietary treatments on ANPU of experimental catfish. P efficiency ratios 
(PhER) of fish fed diets SM30 and SM30P1 were not significantly different from that of fish 
fed the control but fish fed SM30P2 had significantly higher PhER than that of the control and 
SM30. However, adding more than 2000FTU/kg phytase into diet did not further improve the 
PhER although PhER of fish fed with the diet SM30P3 was still significantly higher than that 
of fish fed with the control diet. 
 
Data on the proximate nutrient and mineral compositions of experimental fish (Appendix 5) 
indicated that using SBM and phytase did not affect protein, ash, moisture and P content of 
fish carcass with no significant differences found in the proximate composition of fish fed 
with all diets. However, lipid content of fish fed diets SM30 and SM30P1 were significantly 
higher than that of fish fed the control but not significantly different to that of fish fed the diet 
SM30P3. Lipid content of fish tended to decrease with the increase of dietary phytase, 
lowering carcass lipid of the fish fed with diet SM30P3 to a similar level to that of fish fed 
with the control diet. There was no significant difference in the composition of any selected 
elements (Appendix 5) in fish fed all experimental diets.  
Experiment 2 
 
Growth of fish significantly decreased when 45% of FM protein was replaced by SBM (p < 
0.001) and phytase supplement at the dose of 3000FTU/kg feed did not result in any 
improvement (Table 5.6). Though the final weight of fish fed with the diet SMPT was 
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significantly higher than that of fish fed with the diet SM45 (p < 0.01), the growth of fish fed 
with either of the diets was significantly lower than that of the control. Supplementation of 
lysine and methionine into SBM diets had significantly positive effects on the performance of 
fish. Catfish fed with SMPTA diet, supplemented with both phytase and limiting AAs, had 
significantly bigger final weight compared to fish fed with SM45 diet (p < 0.001) and SMPT 
diet (p = 0.047). Final weight of fish on SMPTA diet was comparable to that of fish fed on 
control diet. SGR of fish fed with SMPTA diet was also significantly higher than of fish fed 
with SM45 diet (p = 0.000). Catfish fed with SMPA diet had significantly better growth 
performance, with higher final weight and SGR, compared to those of fish fed with all other 
diets (p < 0.01), including the control (p < 0.05).  
 
Table 5.6 Growth indices of Australian catfish fed with nutrients supplemented SBM diets (at 
24oC for 84 days, under 12:12 light regime) 
Treatments 
Parameters 
Control SM45 SMPT SMPTA SMPA 
Initial weight (g) 12.9 ± 0.10 12.6 ± 0.06 12.7 ± 0.09 12.8 ± 0.11 12.7 ± 0.12 
Final weight (g) 48.6 ± 2.05a 38.1 ± 0.41b 43.5 ± 0.22c 47.2 ± 1.35a 53.0 ± 0.50d 
SGR 1.58 ± 0.06a 1.32 ± 0.01b 1.46 ± 0.01c 1.55 ± 0.03ac 1.70 ± 0.00d 
FCR 2.03 ± 0.11a 2.32 ± 0.07b 2.03 ± 0.02a 1.94 ± 0.05ac 1.79 ± 0.02c 
PER 1.37 ± 0.08a 1.20 ± 0.03b 1.39 ± 0.01a 1.41 ± 0.04ac 1.52 ± 0.01c 
ANPU 0.18 ± 0.01 0.16 ± 0.01 0.18 ± 0.00 0.20 ± 0.01 0.22 ± 0.01 
PhER 34.7 ± 1.91a 40.0 ± 1.13b 46.5 ± 0.43c 50.1 ± 1.26c 36.4 ± 0.35ab
Values are expressed as mean ± SE (n=3; replicates per treatment); in the same rows, values indicated with the 
same superscript are not significantly different (p > 0.05) 
FCR and PER of fish fed with SM45 diet were significantly poorer than that of the control 
fish. Catfish fed with SMPT and SMPTA diets had significantly better FCR and PER than 
those of fish fed SM45 diet. Feed utilization efficiency of catfish fed with SMPA diet was 
significantly better than that of fish fed all other diets except the SMPTA diet. P efficiency 
ratios (PhER) of fish fed with all SBM diets, except SMPA, were significantly greater than 
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fish on the control. In addition, catfish fed with phytase supplemented diets (SMPT and 
SMPTA) had significantly better PhER than fish fed with other SBM diets (p < 0.05). Fish on 
diet SMPA, supplemented with both P and AAs, had significantly lower PhER compared to 
fish on all other SBM diets but had comparable PhER to the control fish.   
 
Table 5.7 Proximate composition in the carcass of Australian catfish fed with nutrients 
supplemented SBM diets (at 24oC for 84 days, under 12:12 light regime) 
Nutrient composition as % live weight basic Treatments 
Protein Lipid Ash P Ca 
Control 13.9 ± 0.12 5.84a ± 0.63 2.43a ± 0.16 0.39a ± 0.05 4.11a ± 0.66 
SM45 13.9 ± 0.28 6.04a ± 0.14 2.33a ± 0.06 0.33a ± 0.05 3.89a ± 0.48 
SMPT 14.1 ± 0.34 5.23a ± 0.29 2.50a ± 0.12 0.40a ± 0.05 4.60a ± 1.06 
SMPTA 13.9 ± 0.30 5.71a ± 0.28 2.36a ± 0.13 0.40a ± 0.02 4.48a ± 0.24 
SMPA 14.6 ± 0.31 3.59b ± 0.31 3.46b ± 0.08 0.58b ± 0.02 7.99b ± 0.55 
Values are expressed as mean ± SE (n=6 samples for 3 replicate of each treatment); in the same columns, values 
indicated with the same superscript are not significantly different (p > 0.05) 
 
The proximate composition of experimental catfish is presented in Table 5.7. Replacing 45% 
of FM protein with SBM in diet of catfish did not significantly affect the protein content of 
the fish. Only fish on SMPA diet had significantly higher protein content than that of the 
control fish. However, there was no significant difference in protein content among the fish 
fed with all SBM diets. The carcass lipid was unaffected by dietary SBM but was 
significantly affected by P supplementation. Lipid content of fish on SMPA diet was 
significantly lower than that of fish fed with all other diets, including the control. Carcass ash, 
P and Ca of the fish fed with diet SMPA was significantly higher than that of fish fed the 
control and all other SBM diets. There was no significant difference in the content of all other 
minerals among fish fed all experimental diets (Appendix 5). 
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Table 5.8 N and P budgets (g/kg weight gain) of experimental Australian catfish fed with 
nutrient supplemented MBM diets (at 24oC for 84 days, under 12:12 light regime). 
N budgets P budgets Treatment 
Intake Retention  Waste Intake Retention  Waste 
Experiment 1 
 
Control 95.9a ± 2.06 21.0 ± 1.50 74.9a ± 2.23 21.6 ± 0.46 4.78a ± 0.28 16.8ab ± 0.23 
SM30 105b ± 1.63 20.7 ± 0.58 84.4b ± 1.49 21.3 ± 0.33 3.73ab ± 0.25 17.5a ± 0.50 
SM30P1 104b ± 1.84 20.5 ± 0.78 83.8b ± 2.62 20.5 ± 0.36 4.03ab ± 0.58 16.5bc ± 0.22 
SM30P2 99.9ab ± 1.78 18.9 ± 0.34 81.0ab ± 1.91 19.4 ± 0.35 3.35b ± 0.09 16.1bc ± 0.42 
SM30P3 99.2ab ± 2.36 21.0 ± 0.23 78.2ab ± 2.54 20.0 ± 0.48 4.30ab ± 0.27 15.7c ± 0.26 
Experiment 2      
Control 118a ± 6.44 21.3 ± 0.67 96.5a ± 6.00 29.0a ± 1.59 3.95a ± 0.73 25.0a ± 2.18 
SM45 133b ± 3.86 21.6 ± 0.66 111b ± 4.51 25.0b ± 0.72 2.96a ± 0.68 22.1ac ± 0.55 
SMPT 115a ± 1.08 21.3 ± 0.68 94.1a ± 0.45 21.5c ± 0.20 4.02a ± 0.65 17.5b ± 0.83 
SMPTA 113ac ± 2.90 23.0 ± 0.67 90.4ac ± 3.48 20.0c ± 0.51 3.98a ± 0.30 16.0b ± 0.57 
SMPA 105c ± 1.02 23.0 ± 0.74 82.0c ± 1.61 27.5b ± 0.27 6.37b ± 0.31 21.1c ± 0.58 
Values are expressed as mean ± SE (n=3; replicates of each treatment); in the same columns of each experiment, 
values indicated with the same superscript are not significantly different (p > 0.05) 
 
Table 5.8 presents the effects of dietary phytase and nutrient supplements on the estimated N 
and P waste of catfish. In experiment 1, N waste of fish on the SM30 diet was significantly 
higher than that of the control fish. Inclusion of phytase at the dose of 1000 – 3000 FTU/kg 
feed only marginally lowered N waste of catfish compared to fish on the SM30 diet. As a 
result, N waste of fish on the SM30P2 and SM30P3 diets was comparable to that of the 
control fish. Catfish fed with SM30P3 diet had significantly lower P waste compared to the 
control fish and the fish fed with SM30 diet. P waste of catfish on the SM30P1 and SM30P2 
was also significantly lower than that of fish on the SM30 diet. In experiment 2, N waste of 
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fish fed with SM45 diet was significantly higher than that of the control fish and adding 
phytase only or in combination with methionine and lysine significantly reduced N waste of 
the fish. There was a significant decrease in the estimated P waste of catfish fed with SMPT 
and SMPTA diets compared to that of fish on the control and SM45 diets. The estimated P 
waste of catfish on diet SMPA was significantly higher than that of fish fed with phytase 
supplemented diets.  
 
Data on the ortho and total P waste of fish are presented in Figure 5.1. The daily ortho-P 
waste of catfish fed with all SBM diets was significantly lower than that of the control fish. 
Addition of phytase into SM diets did not affect the daily ortho P waste of the fish. The daily 
total P waste of catfish fed diet SM30 was comparable to that of the control fish but inclusion 
of phytase at the dose of 3000 FTU/kg in SBM diets significantly lowered total P waste 
compared to the control fish (p = 0.024). The total P waste of fish fed with all phytase 
supplemented diets was not significantly different from that of fish on SM30 diet. 
 
The daily ortho-P and total P waste of fish fed with nutrients supplemented SBM diets are 
depicted in Figure 5.2. The daily ortho-P waste of catfish fed with SMPA diet was 
significantly higher than that of fish fed with all other diets. Catfish on the SM45 diet had 
significantly lower daily ortho P waste total P waste compared to the control fish. While the 
daily total P waste of fish on the SMPT diet was comparable to that of fish fed with the 
control diet, fish fed with SMPTA diet, supplemented with limiting both AAs and P, had 
significantly lower total P waste compared with the control. The total P waste of fish fed with 
SMPA diet was significantly higher than that of fish on all other diets except the control. 
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In the same data series, points denoted with different scripts are significantly different (p < 0.05) 
Figure 5.1 Daily ortho-P and total P waste of Australian catfish fed SBM diets containing 
graded levels of phytase, conducted at 24oC (Mean ± S.E., n=3 replicate tanks/treatment) 
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In the same data series, points denoted with different scripts are significantly different (p < 0.05) 
Figure 5.2 Daily total P and ortho-P waste of Australian catfish fed SBM diets containing 
different combinations of nutrient supplements, conducted at 24oC (Mean ± S.E., n=3 
replicate tanks/treatment). 
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5.4 Discussions 
 
Results from the 2 experiments demonstrated that up to 45% of dietary FM could be replaced 
with SBM when phytase and AAs or inorganic P were supplemented. The use of these 
nutrient supplements, however, had different effects on N and P utilization efficiency of fish, 
resulting in different effects on waste production of fish. The results also demonstrated that 
the effects of dietary treatments on N and P waste showed different trends and were 
dependent on the level of FM replacement in the diets.  
 
The replacement of 30% and 45% FM protein with SBM in diets of Australian catfish 
significantly inhibited the growth performance of the fish, which is in line with the results of 
previous experiments in Chapter 3. The significantly negative effects of dietary SBM allowed 
for the evaluation of the effects of dietary treatments. The deleterious effects of dietary SBM 
have been found in many species and were discussed in Chapter 3. The detrimental effects of 
plant proteins on growth of fish are often attributed to the imbalance in AA content (Robaina 
et al., 1995, Tantikitti et al., 2005), and the high phytate content of the ingredients. Phytate 
content of plant proteins usually causes poor bioavailability of protein, P, and some other 
nutrients in the diets due to its chelating effects (Harland and Morris, 1995, Overturf et al., 
2003, Dost and Tokul, 2006), which is often observed when a high proportion of dietary FM 
is replaced with plant protein sources. In the present study, the estimated lysine and 
methionine content of experimental diets were remarkably low when 30% of FM protein was 
replaced with SBM (Table 5.3 & 5.4). In addition, the estimated phytate content of SM30 and 
SM45 diets was higher than that of the control diet (Table 5.3 & 5.4). Moreover, high dietary 
fiber content could result in low digestibility of protein and energy by reducing the transit 
time of intestinal contents (Higgs et al., 1983, Webster et al., 2000). As a result, high crude 
fiber content often causes poor growth performance of fish (Hilton et al., 1983). With the 
fiber content of FM, SBM and wheat gluten of 3.7, 34.2, and 14.5 g/kg dry matter, 
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respectively, the fiber content of diet SM30 and SM45 were approximately 13.7 and 16 % dry 
matter, respectively. These levels were double or triple that of the control diets, which had a 
crude fiber content of approximately 5.8 g/kg dry matter. Therefore, fiber could probably 
have accounted for the poor performance of the experimental catfish. 
The significantly better performance of catfish fed with diet SM30P3, containing 3000 
FTU/kg feed indicated that this could be the appropriate practical dose of phytase in SBM 
diets for the fish. This is higher than the effective doses for some other fish species, such as 
1000FTU/kg for Nile tilapia, O. niloticus (Liebert and Portz, 2007), and 2000 FTU/kg for red 
seabream, Pagrus major (Biswas et al., 2007). Dietary phytase usually enhances growth of 
fish in many different ways, including improvement of protein and P digestibility of the diets 
(Cao et al., 2007); and increasing the feed appetite that increases feed intake of fish (Li and 
Robinson, 1997, Cao et al., 2008). In addition, the effects of phytase vary highly among 
studies, due to (1) the differences in phytate content of the SBM used; (2) The type of phytase 
used; (3) The biological characteristics; and (4) the difference in pH value in the stomach of 
the species. Therefore, determination of the relevant dose of phytase in SBM diets for catfish 
is essential, using locally available SBM and phytase on the species of interest. 
 
At 30% FM protein replacement, addition of phytase did not significantly enhance FCR of 
fish though a marginal improvement of FCR was observed in fish fed with diet SM30P3. The 
marginal effects of dietary phytase have been reported in some other fish species, such as 
rainbow trout, Oncorhynchus mykiss (Vielma et al., 2000); and common carp, Cyprinus 
carpio (Nwanna and Schwarz, 2007, Nwanna and Schwarz, 2008). However, dietary phytase 
has also been reported to significantly increase FCR of some other species, such as Korean 
rockfish, Sebastes schlegeli (Yoo et al., 2005); and common carp fingerlings (Sardar et al., 
2007). Therefore, the effects of dietary phytase vary highly among the studies since phytase 
action usually depends on various factors as mentioned earlier. In addition, the marginal effect 
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of dietary phytase on FCR suggests that the enzyme did not have a significant effect on the 
palatability of the SBM diet at 30% FM protein replacement. At 45% FM protein 
replacement, the inclusion of dietary phytase, in SMPT and SMPTA diets, significantly 
increased FCR of fish compared to that of fish fed with SM45 diet, which was not supplied 
with phytase. The discrepancy in the effects on FCR of dietary phytase at the two inclusion 
levels of SBM could be ascribed to the larger gap in nutrient values of the non-phytase and 
phytase supplemented SBM diets when 45% FM protein was replaced. The positive effects of 
dietary phytase on feed and protein utilization of fish have been reported in previous studies, 
such as that of Yoo et al. (2005) on Korean rockfish, Sebastes schlegeli. In addition, feed and 
protein utilization of fish was significantly higher when both P and AA were supplemented, 
which was also reported by Liebert and Portz (2007) in a study on Nile tilapia. However, P 
utilization efficiency must also be carefully considered when using inorganic P to support 
growth of fish since it may have significant effects on P waste of fish. 
 
While inclusion of phytase significantly improved PER of fish fed with SBM diets at the 
inclusion level of 45% FM protein, phytase only had a marginal effect on PER of fish at 30% 
FM protein replacement. The effect of phytase on PER of catfish could be related to its effect 
on the estimated N waste of catfish. While dietary SBM significantly increased the N waste of 
catfish at both inclusion levels, the effects of dietary phytase were different at different 
inclusion levels. PER of fish was significantly improved when phytase was added to the diet 
with 45% FM protein replaced by SBM, and a significant reduction in the estimated N waste 
of fish was observed accordingly. In experiment 1, only a marginal improvement in PER was 
observed in fish fed with SBM diets at the inclusion level of 30% FM protein replacement and  
no significant effect of dietary phytase on N waste of fish was observed. 
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There was no significant effect on the proximate composition of Australian catfish fed with 
diets containing SBM as 30% or 45% FM protein replacement. This confirmed the results 
from the previous experiment in Chapter 3. In addition, inclusion of phytase in SBM diets at 
those inclusion levels had no effect on proximate composition of fish. 
 
Supplementation of AAs is a common practice in fish feed formulation, especially when a 
high proportion of FM is replaced with a plant protein source. Results from the present study 
revealed that lysine and methionine could be used in combination with phytase in order to 
improve the growth performance of catfish fed with diets containing SBM as replacement of 
45% dietary FM protein. At this level of replacement, inclusion of phytase only at the dose of 
3000FTU/kg significantly increased the growth of catfish compared to that of fish fed with 
the non-phytase SBM diet. However, the growth of catfish on this diet was still significantly 
lower than that of the control fish. Inclusion of both phytase and AAs resulted in a 
significantly increased growth of fish which was similar to that of the control fish. This 
suggested that phytase and AA supplements played different roles and complemented each 
other to improve the nutritive value of SBM diet and thus increase the growth of the fish.  
 
Replacement of 45% FM protein with SBM resulted in high phytate content of the diets that 
not only inhibited the availability of dietary P but also bound with protein and AAs, causing 
poor nutrient availability of the diets. In addition, Table 5.2 showed that SBM had a 
remarkably lower content of methionine (3.6 g/kg) and lysine (23.3 g/kg) compared to those 
of FM (20.1 g methionine/kg and 57.4 g lysine /kg). This resulted in low content of these two 
AAs in diets with high inclusion of SBM (Table 5.3 and Table 5.4). When 45% of FM was 
replaced with SBM, lysine and methionine content in the diets were only about 80% and 70% 
of those in the control diet, respectively. Since dietary phytase could only neutralise the 
negative effects of phytate and release protein and P from the phytate trap, diets solely 
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supplemented with phytase still had an imbalance in methionine and lysine. However, the 
significantly better growth of fish fed with phytase supplemented diets compared to that of 
fish fed with the SBM only diets indicated that phytase itself had improved the digestibility of 
protein and P in the diet, as has been suggested by previous authors (Storebakken et al., 1998, 
Masumoto et al., 2001, Liebert and Portz, 2007, Nwanna and Schwarz, 2007). When both 
phytase and AAs were used, the diet had a similar AA profile to the control (Table 5.4), 
which compensated the imbalanced AA profile of SBM and, therefore, the growth of fish 
increased to a level that was similar to that of the control fish. 
 
Supplementation of both P and AAs significantly improved the growth performance of 
catfish. Since the AA profile of this diet was compensated by AA supplements, and was 
similar to that of the control, the greater growth of fish fed with this diet may be attributed to 
P content of the two diets. Indeed, although P content of the control was similar to that of the 
SMPA diet, a large proportion of P in FM was from bones and scales which is poorly 
digestible by fish (Sugiura et al., 1998). Conversely, a majority of P in SMPA diets was in an 
inorganic form which is highly available to fish. Therefore, the good growth of fish on diet 
SMPA was possibly stimulated by the highly available P content of the diet. Indeed, previous 
studies have also revealed the significantly better growth of fish when they were provided 
with higher levels of available dietary P. Coloso et al. (2003a) found that increasing the level 
of dietary P in the form of sodium phosphate improved weight gain and FCR of rainbow trout. 
Similarly, Nwanna and Schwarz (2007) reported a significantly improved growth 
performance of common carp fed with a P supplemented diet. These authors recommended 
that organic P and limiting AAs (methionine and lysine) should be supplemented in SBM 
based diets to avoid impaired growth and poor feed utilization efficiency of fish. Although 
inclusion of inorganic P into catfish diets significantly improved growth of the fish, the 
practical use of inorganic P in order to replace FM with SBM in diet of catfish must be 
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carefully considered since it may reduce the P utilization efficiency and increase P waste of 
fish. 
 
Results on the effects of nutrient supplements in the present study suggested that adding both 
P and AA into catfish diets significantly increased protein, ash, P and calcium but 
significantly lowered lipid content in the carcass of the fish. The high dietary P content of the 
diet could be the main cause. According to Skonberg et al. (1997), ash, calcium and P content 
in fish carcass were highly responsive to the increase of dietary P. Similarly, Liebert and Portz 
(2005) observed significantly higher carcass calcium in Nile tilapia fed with an inorganic P 
added diet than in fish fed with a plant protein only diet. In the present study, high ash content 
in the carcass of catfish fed with diet SMPA suggested the higher level of bone mineralization 
of the fish. According to Lall and Lewis-McCrea (2007), P deficiency usually leads to the 
reduced growth, poor feed efficiency and lower bone mineralization. In other words, fish bone 
mineralization maybe increased when a high level of dietary P is provided. Many studies have 
reported high fat content in fish carcass when fish were fed with P-deficient diet (Onishi et 
al., 1981, Takeuchi and Nakazoe, 1981, Rodehutscord, 1996). These authors suggested that 
the possible cause of a high lipid content in fish fed low dietary P was the impaired oxidative 
phosphorylation, caused by P deficiency, that led to the inhibition of the TCA cycle and 
accumulation of acetyl-Co A. As a result, fatty acid synthesis was increased. The opposite 
process was found in the present study where fish fed with high dietary P had very low lipid 
content in the carcass. Similarly, Skonberg et al. (1997) reported a decrease of fish carcass 
lipid content when dietary P increased. The high protein and low fat content of fish fed with P 
and AAs supplemented diet may be a good selection criterion in aquaculture. However, the 
high ash content could lead to low fillet ratio which is another disadvantage of dietary 
supplementation with inorganic P. 
 
 128 
Inclusion of phytase significantly improved P utilization efficiency of catfish. Adding 2000 
FTU/kg of SBM diet at 30% FM protein replacement significantly increased PhER of catfish. 
PhER of fish is often enhanced by phytase treatment since phytase neutralizes the negative 
effects of phytate and improves the digestibility of P in plant ingredients (Cao et al., 2007). 
Similar positive results have also been found in previous studies (Sajjadi and Carter, 2004a, 
Liebert and Portz, 2005, Ai et al., 2007). At 45% FM replacement, inclusion of SBM 
significantly improved P utilization of fish without any dietary treatment that could be 
attributed to the lower P content in SBM diets compared to the control diet. Using phytase 
only or in combination with lysine and methionine in SBM diets at this inclusion level further 
improved P utilization of the fish, indicating the positive effect of phytase in digestibility 
dietary P for catfish. The high PhER could be related to lower P waste of fish. Indeed, data 
from the current study demonstrated that adding phytase into SBM diets at 30% or 45% FM 
protein replacement significantly reduced the estimated P waste of catfish. 
 
Results from the present study revealed that supplementation of organic P into catfish diets 
resulted in significantly poorer PhER of fish compared to that of fish fed with SBM or 
phytase supplemented SBM diets. This negative effect could be attributed to the elevated 
content of readily available P of the diet which may decrease P retention efficacy of fish (Cao 
et al., 2008). Many other studies have also shown that P retention of fish increased when fed 
with low-P diets and vice versa (Cheng and Hardy, 2003, Satoh et al., 2003, Hernandez et al., 
2004). Therefore, although supplementation of inorganic P significantly supported growth of 
catfish, its use in diet for fish should not be recommended due to the low PhER of fish, 
resulting in higher P waste as demonstrated in the current study. 
 
Results on P waste of fish revealed that using SBM at the inclusion levels of 30% or 45% FM 
replacement significantly reduced the ortho P waste of catfish. This is in line with previous 
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studies on the use of plant protein sources to replace FM in diets of other species, such as 
Japanese seabass, Lateolabrax japonicus (Ai et al., 2007); rainbow trout, Oncorhynchus 
mykiss (Vielma et al., 2000, Coloso et al., 2001); and salmonid species (Bergheim and Sveier, 
1995). Dietary phytase did not reduce the daily ortho-P and total P waste of fish compared to 
that of fish on a diet with 45% FM protein replaced with SBM. At this inclusion level of 
SBM, the use of 3000 FTU/kg feed significantly lowered daily total P waste of catfish 
compared to that of the control fish. Despite using different evaluation methods, the beneficial 
effects of dietary phytase on P waste of fish fed with plant protein diets have been reported in 
previous studies (Masumoto et al., 2001, Ai et al., 2007, Biswas et al., 2007, Nwanna and 
Schwarz, 2007, Dalsgaard et al., 2009). The significant positive effects of dietary phytase on 
the daily P waste of catfish suggested that the phytate neutralization action of phytase 
improved the availability of dietary P and thus enhanced P utilization of fish. This result could 
also be related to the better PhER of fish fed with phytase supplemented diets. At 45% FM 
replacement, inclusion of SBM significantly decreased both total and ortho P waste of catfish. 
Inclusion of phytase only or in combination with AAs did not have significant effects on P 
waste of the fish. The low daily total P waste of fish fed with SBM diet as 45% FM protein 
replacement may be attributed to the low P content of the ingredient and could be related to 
the high P utilization efficiency of the fish as discussed earlier. 
 
Supplementing SBM diets with inorganic P significantly increased both ortho and total P 
waste of catfish. This could be a consequence of the increased dietary P of the SMPA diet. 
Bureau and Cho (1999) found that increasing digestible P intake resulted in a significant 
increase in dissolved P waste output. Similarly, Sugiura et al. (2006) and Hernandez et al. 
(2004) observed that fish consuming low P diets discharged a significantly lower amount of P 
to water compared to fish fed with the control FM diet. The increase of soluble P 
concentration in effluents when dietary P increased was also observed in other studies (Coloso 
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et al., 2001, Green et al., 2002, Coloso et al., 2003b). The high P waste of fish on P 
supplemented diets may also be correlated with the poor PhER of the fish. Therefore, the use 
of inorganic P to improve the growth of catfish fed with SBM diets is not recommended 
despite the significant improvement in growth of the fish.  
 
5.5 Conclusions 
 
SBM could replace up to 45% FM protein in diets of Australian catfish when phytase, lysine 
and methionine were supplemented. The sole use of phytase at the dose of 3000 FTU/kg was 
sufficient to improve the growth of fish when 30% FM was replaced with SBM. At 45% FM 
replacement, supplementation of both phytase and limiting AAs (lysine and methionine) was 
vital to maintain the optimal growth of the fish. The estimated N waste of fish was increased 
when FM was replaced with SBM and dietary phytase significantly lowered N waste of fish 
only when SBM replaced 45% FM protein. Replacing FM with SBM significantly reduced 
ortho P waste of catfish without any need for dietary suplement but total P waste of fish was 
only lower when 45% FM protein was replaced with SBM. Dietary phytase did not have a 
significant effect on either ortho or total P waste of fish at both inclusion levels of SBM. 
Supplementation of inorganic P into SBM diets significantly decreased P utilization and 
increased P waste of catfish although the treatment significantly improved the growth 
performance of the fish. In addition, high levels of dietary P also stimulate higher bone 
mineralization rate which may lead to lower fillet ratio of the fish. 
 131 
CHAPTER 6: EFFECTS OF PHYTASE AND OTHER NUTRIENT 
SUPPLEMENTS IN CANOLA MEAL DIETS ON PERFORMANCE AND WASTE 
PRODUCTION OF AUSTRALIAN CATFISH, TANDANUS TANDANUS 
 
Abstract 
 
This study aimed to evaluate the effects of phytase, amino acids (AA), and phosphorus (P) 
supplements in diets containing canola meal (CM) as the FM substitute on growth, nitrogen (N) & 
phosphorus (P) utilization efficiency, and N & P waste production of Australian catfish, Tandanus 
tandanus. The study consisted of two 12-week feeding experiments. Fishmeal was the main 
protein source in the control diets of both experiments. Protein and gross energy content was 
maintained at identical levels in all diets. In the first experiment, the 4 test diets contained the 
same level of CM as replacement of 30% FM protein in the control diet. The test diets were 
supplemented with graded levels of phytase in the range of 1000 - 3000 FTU/kg feed. In the 
second experiment, the 5 test diets contained SBM as replacement of 45% FM protein in the 
control diet and were supplemented with different combinations of nutrient supplements, 
including phytase, AAs, and inorganic P. In experiment 1, catfish fed with CM diet supplemented 
with 1000FTU/kg, exhibited similar growth performance and feed utilization efficiency compared 
to fish fed with the control diet. There was no significant difference in the growth of catfish fed 
with different levels of dietary phytase. Phytase did not affect the proximate and mineral 
composition of catfish though fish fed with CM diets had higher fat content. Daily ortho P waste 
was significantly lower in fish fed with CM diets compared with that of fish on the control diet. 
Inclusion of phytase did not significantly affect P waste of catfish. In experiment 2, phytase 
and/or AAs supplements did not improve the growth and feed utilization of catfish. However, 
catfish on diets CMPA (with added P and AAs) and CMP (with added P only) exhibited a 
comparable growth performance and feed utilization efficiency to the control fish. Fat, ash and P 
content of fish fed with CMPA and CMP were significantly higher than that of fish fed with all 
other diets. The daily ortho and total P waste were significantly higher in fish fed with diet CMPA 
than in fish fed with all other diets, including the control. 
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6.1  Introduction 
 
Canola meal (CM) is another alternative protein source for FM similar to soybean meal 
(SBM) in diets for many aquaculture species. However, studies on the use of CM in diets for 
different species have shown large variations, due to the differences in the quality of the 
proteins. The latter is usually decided by a number of factors, including (1) the oil processing 
method (Mwachireya et al., 1999; Glencross, 2003; Allan and Booth, 2004; Drew et al., 
2007) ; (2) the pre-treatment of the meal (Plaisance et al., 1997; Cheng and Hardy, 2003; 
Drew, 2004); and (3) nutrient supplements used to fortify the meal (Forster et al., 1999; 
Thiessen et al., 2004). The results from Chapter 3 showed that only 20% of FM protein could 
be replaced by canola meal (CM) without any negative effects on the growth and feed 
utilization of the fish. This inclusion level is fairly low compared to that used in diets for other 
fish species, such as Chinook salmon, Oncorhynchus tshawytscha (Higgs et al., 1983; Satoh 
et al., 1998); tilapia, Oreochromis mossambicus (Davies et al., 1990); channel catfish, 
Ictalurus punctatus (Webster et al., 1997); and white shrimp, Penaeus vannamei juveniles 
(Lim et al., 1997). In addition, since a major fraction of P in CM is bound with phytic acid 
(Ravindran et al., 1994; Pontoppidan et al., 2007), and P digestibility of CM is poor for 
monogastric animals, including fish, the undigested P is excreted in faeces, and causes water 
pollution (Debnath et al., 2005; Nwanna and Schwarz, 2008).  
 
Phytase has been commonly used to liberate P from phytate-bound P in the plant protein 
ingredients and improve the availability of P in these ingredients for aquatic and terrestrial 
animals. Dietary phytase was also reported to have beneficial effects on the bioavailability of 
protein and minerals of the CM (Debnath et al., 2005). Dietary phytase improved growth 
performance as well as feed and protein utilization of rainbow trout, Oncorhynchus mykiss 
and Atlantic salmon, Salmo salar fed with diets containing high CM, as reported by Forster et 
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al. (1999) and Sajjadi and Carter (2004a), respectively. In addition, previous studies revealed 
that dietary phytase reduced the need for dietary P supplementation since P is more available 
(Sajjadi and Carter, 2004). Inclusion of phytase in diets therefore helps to minimize P waste in 
many fish species, such as rainbow trout, Oncorhynchus mykiss (Cheng and Hardy, 2002, 
Forster et al., 1999) and Atlantic salmon, Salmo salar (Sajjadi and Carter, 2004a). However, 
the effects of these nutrient supplements often vary among fish species and feed ingredients. 
In addition, the effects of dietary phytase and nutrient supplements on growth performance 
and waste production of fish may be different and thus may interfere with the selection of the 
appropriate alternative ingredient for FM in diets of fish when economic and environmental 
aspects are considered together. 
 
Since untreated CM was poorly accepted in diet for catfish, as demonstrated in Chapter 3, this 
study used phytase and nutrient supplements, including limiting AAs and inorganic P at a 
higher CM inclusion level to evaluate the effects of these treatments on catfish. Growth 
performance, feed and nutrient utilization, as well as waste production of the fish were used as 
evaluation parameters. 
  
6.2  Materials and methods 
Experimental procedures 
 
This study consisted of two experiments, Experiment 1 and Experiment 2. Source of 
experimental fish, holding conditions and acclimation methods were as described in Chapter 
2, section 2.1. In Experiment 1, 150 fish with the average body weight (BW) of 6.04 g were 
randomly stocked into 15 flow-through glass tanks (22cm x 50cm x 30cm), which were 
randomly assigned to 5 treatments (3 replicate tanks per treatment). Similarly, in Experiment 
2, 105 fish with the average BW of 26.62 g were randomly stocked into 21 flow-through glass 
tanks (36cm x 50cm x 30cm), which were randomly assigned to 7 treatments (3 replicate 
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tanks per treatment). During the 84 days of both experiments, fish were fed to proximate 
satiation equivalent to 4% BW, twice daily between 9.00–9.30 and 17.00–17.30, except the 
days before weighing when fish were fed once. 
 
In both experiments, an additional 10 initial fish, and five final fish from each tank at the end 
of the experiment, were sampled and stored frozen for proximate analyses of the carcass. 
Specimens for body analyses were ground, freeze dried and stored at -20oC for proximate 
analysis. All fish were weighed at the beginning and the end of the experiment in order to 
allow for calculation of fish growth. The pooled weight of fish in each tank was monitored bi-
weekly during the course of the experiments in order to monitor the growth of fish as well as 
to adjust amounts of feed provided to fish. 
  
In order to ensure the maintenance of suitable water quality during the experiment, 
temperature, dissolved oxygen and pH were measured every other day using a TPS WP-81 pH 
meter and TPS WP-91 DO and temperature meter; while ammonia and nitrate were monitored 
weekly using the method suggested by Boyd and Tucker (1992) and described in Chapter 2, 
section 2.7. The data on water quality are presented in Table 6.1. 
 
Table 6.1Water quality during 12 weeks of the 2 experiments 
 
Value (mean ± SE) 
Parameters (unit) 
Experiment 1 Experiment 2 
DO (mg/L) 8.07 ± 0.08 8.39 ± 0.02 
pH  6.84 ± 0.03 6.72 ± 0.01 
Temp (oC) 24.2 ± 0.05 24.2 ± 0.01 
N-NH3 (mg/L) 0.08 ± 0.01 0.14 ± 0.02 
N-NO2 (mg/L) 0.003 ± 0.001 0.004 ± 0.002 
Preparation of experimental diets  
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Feed ingredients, experimental diets formulation and preparation are as described in Chapter 
2, section 2.2 and 2.3. Proximate composition of feed ingredients is shown in Table 6.2. 
 
Table 6.2 Proximate composition, AA profile (g/kg dry matter) and gross energy (KJ/g) of 
feed ingredients 
Ingredients 
Content 
FM (c) CM (c) Wheat flour (c) 
Proximate composition (g/kg dry matter) 
Protein 715.3 376.2 185.3 
Lipid 74.9 22.4 18.5 
Ash 164.4 79.4 18.0 
Carbohydrate (a) 45.4 522.0 778.2 
Phytic acid nd 42.6 12.8 
Total P 20.8 14.4 4.5 
Energy (kJ/ g) (b) 20.7 18.8 18.5 
In dispensable AA(g/kg dry matter)    
Arginine  45.4 23.7 7.1 
Histidine 31.0 10.7 3.5 
Isoleucine  32.3 16.8 5.4 
Leucine  53.2 28.0 9.8 
Lysine  57.4 23.6 4.4 
Methionine  20.1 4.4 1.9 
Phenylalanine 28.6 15.6 6.8 
Threonine  30.3 17.0 4.2 
Valine  37.5 21.1 6.5 
(a) Carbohydrate content was calculated by difference 
(b) Gross energy was estimated from energy density of nutrient components 
(c) Commercial feed ingredients provided by Ridley Aquafeed Australia (Narrangba, Queensland, 
Australia) 
 
Since the previous experiment in Chapter 3 showed that replacing 30% of fishmeal protein 
with CM caused significantly poorer growth of fish, the CM test diets with phytase in 
experiment 1 were formulated to contain CM to replace 30% fishmeal protein in the control 
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diet (Control). The Control was prepared with FM as the main protein source. Four CM diets 
were formulated to provide 390 g/kg crude protein and 20 KJ/g of energy. The test diets were 
CM30, CM30P1, CM30P2, and CM30P3 supplemented with phytase at the doses of 0, 1000, 
2000 and 3000 FTU/kg, respectively. Formulation, proximate composition and estimated AA 
content of the experimental diets are presented in Table 6.3. 
 
In experiment 2, in order to test the effect of different combinations of nutrient supplements, 
CM test diets were formulated to contain CM as replacement of 45% FM protein. FM was the 
main protein source in the control diet (Control). Six test diets were formulated to provide 390 
g/kg crude protein and 20KJ/g of energy. The test diets were CM45, CMPT, CMPTA, 
CMPA, CMP, and CMAA. While CM45 contained no nutrient supplement, CMPT was 
supplemented with only phytase at the dose of 1000 FTU/kg. In diet CMPTA, phytase and 
crystal AAs (methionine and lysine) were added in order to balance the AAs profile in the 
CM diet with the control. These calculations were based on the estimated AA profile of the 
two diets. CMPA were supplemented with both AAs and inorganic P but not with phytase. 
The amount of supplemented P was calculated in order to supply the diet with the additional 
75% of P constituted by the incorporated CM, as it is bound in phytate indigestible form, plus 
to fill the gap in P content between the control and the SBM diets. Limiting AAs or inorganic 
P only was added to the diets CMAA or CMP, respectively, based on the calculations 
described above. Formulation, proximate composition and estimated AA content of 
experimental diets are presented in Table 6.4. 
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Table 6.3 Ingredient, proximate composition and AA profile of the experimental diets in 
Experiment 1 
 
 Diets 
Content Control CM30 CM30P1 CM30P2 CM30P3 
Ingredient (g/kg as is basic)   
Fishmeal 500.0 350.0 350.0 350.0 350.0 
Wheat flour 310.0 224.3 224.3 224.3 224.3 
Canola meal 0.0 305.7 305.7 305.7 305.7 
Fish oil 50.0 50.0 50.0 50.0 50.0 
Cellulose 80.0 10.0 9.8 9.6 9.4 
Phytase(a) 0.0 0.0 0.2 0.4 0.6 
Mineral 20.0 20.0 20.0 20.0 20.0 
Vitamin 10.0 10.0 10.0 10.0 10.0 
CMC 30.0 30.0 30.0 30.0 30.0 
Proximate composition (g/kg dry matter)    
Protein 394.0 396.5 385.9 382.9 383.0 
Lipid 112.7 105.8 106.4 107.8 107.0 
Ash 96.5 96.1 100.3 103.1 98.2 
Carbohydrate (b)  396.8 401.6 407.4 406.2 411.8 
Phytase activity (FTU/kg) ND ND 954.2 1992.65 2908.56 
Total P 14.2 14.8 14.8 14.2 14.7 
Gross energy (kJ/ g) (c) 205.9 204.6 203.4 203.0 203.7 
For both Table 6.3 and 6.4: 
(a) Ronozyme CT 5000P from DMS Australia 
(b) Carbohydrate content was calculated by difference 
(c) Gross energy was estimated from energy density of nutrient components 
(d) Calculated from data presented in Table 6.2 
ND:  not determined 
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Table 6.4 Ingredients, proximate and essential AA composition of the experimental diets in 
Experiment 2 
Diets (a) 
Content (g/kg dry matter) 
Control CM45 CMPT CMPTA CMPA CMAA CMP 
FM 500.0 275.0 275.0 275.0 275.0 275.0 275.0
Wheat flour 265.0 174.0 173.8 167.8 150.0 168.0 156.0
CM 0.0 426.0 426.0 426.0 426.0 426.0 426.0
Wheat gluten 30.0 30.0 30.0 30.0 30.0 30.0 30.0
Fish oil 50.0 50.0 50.0 50.0 50.0 50.0 50.0
Cellulose 110.0 0.00 0.00 0.00 0.00 0.00 0.00
Mineral 5.0 5.0 5.0 5.0 5.0 5.0 5.0
Vitamin 10.0 10.0 10.0 10.0 10.0 10.0 10.0
Phytase(a) 0.0 0.0 0.2 0.2 0.0 0.0 0.0
L-Lysine-HCl 0.0 0.0 0.0 3.0 3.0 3.0 0.0
L-Methionine 0.0 0.0 0.0 3.0 3.0 3.0 0.0
Na2HPO4 0.0 0.0 0.0 0.0 18.0 0.0 18.0
CMC 30.0 30.0 30.0 30.0 30.0 30.0 30.0
Proximate composition 
Protein 381.7 380.8 376.3 387.8 387.8 389.2 383.1
Lipid 96.7 108.7 116.4 117.4 102.9 116.1 109.2
Ash 92.7 91.2 94.8 91.1 106.5 87.9 105.2
Carbohydrate(b)  428.9 419.3 412.5 403.7 402.8 406.8 402.5
Total P 13.2 12.8 12.6 12.7 16.0 12.4 16.1
Phytic acid 3.1 18.8 18.8 18.7 18.5 18.7 18.6
Gross energy (kJ/g)(c) 20.2 20.5 20.6 20.8 20.2 20.8 20.3
Indispensable AA(d)      
Arginine  24.6 23.8 23.8 23.8 23.6 23.8 23.7
Histidine 16.4 13.7 13.7 13.7 13.6 13.7 13.6
Isoleucine  17.5 16.9 16.9 16.9 16.8 16.9 16.8
Leucine  29.2 28.3 28.3 28.2 28 28.2 28.1
Lysine  29.9 26.6 26.6 29.6 29.5 29.6 26.5
Methionine  10.6 7.7 7.7 10.7 10.7 10.7 7.7
Phenylalanine 16.1 15.7 15.7 15.6 15.5 15.6 15.6
Threonine  16.2 16.3 16.3 16.3 16.2 16.3 16.2
Valine  20.5 20.4 20.4 20.4 20.3 20.4 20.3
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Water assessment for phosphorus waste discharged 
 
At the end of each of the growth experiments, fish were retained in static tanks for a further 3 
days in order to determine the P excretion of fish. During this period, the fish were fed once 
daily in the morning. Water was then changed and water samples were taken for analysis of 
initial P concentrations. Tank water was then kept static for 24h and samples were again taken 
for 24h P measurements. P discharged per tank per day was calculated as the difference 
between the total amount of P in tanks after 24h and total amount of P in tanks at initial 
measurements. P discharged was expressed as mg of soluble or total P per kg of fish per day, 
which was calculated as follows: 
 
P discharged (mg/kg fish/day) = (24h-P measurement – initial-P measurement)*Vtank/Wt fish 
 
Where: 24-h and initial measurements are the tank phosphorus concentration obtained at 24h 
and initial times. Vtank is the volume of fish tank (L); Wtfish is the total weight of fish in each 
tank (kg). The ortho and total P concentration of water samples were analysed using the 
methods described in Chapter 2, section 2.6. 
 
Chemical analysis 
 
Proximate analyses of feed ingredients, experimental diets, and whole fish carcass were 
conducted in duplicates based on the procedures of the AOAC (1990). Analytical methods are 
also described in Chapter 2, section 2.4. Phytate content of feed ingredients was determined 
by Symbio Alliance Laboratory Service following the method in Chapter 2. AA analyses were 
carried out by the Australian Proteome Analysis Facility Ltd, as briefly described in Chapter 
2, section 2.4. Mineral content of feed ingredients, experimental diets and fish carcasses were 
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analysed following the method described by AOAC (1990), as explained in Chapter 2, section 
2.5. Phytase enzyme activity was determined following the method developed by Eeckhout 
and De Paepe (1994) as described in Chapter 2, section 2.7.  
 
Data calculations 
 
Final weight, specific growth rate (SGR), feed conversion ratio (FCR), protein efficiency ratio 
(PER), apparent net protein utilization (ANPU), nitrogen intake (NI), nitrogen retention (NR), 
and nitrogen waste (NW); phosphorus intake (PI), phosphorus retained (PR), and phosphorus 
waste (PW) were used as indices to evaluate the affect of dietary treatments on growth and 
nutrient utilization of experimental fish. These parameters were calculated as described in 
Chapter 2, section 2.9 
 
Statistical analysis 
 
Statistical analyses were conducted using SPSS for Windows software version 15.0. One way 
analysis of variance (ANOVA) was used to test the statistical significance of the differences 
between the experimental treatments. The Levene’s test was used to test homogeneity of 
variances. The LSD post hoc test was performed to test the differences between the means at  
95% confidence. Means were treated as significantly different from each other if p < 0.05. 
Data in percentage were transformed using arc sine or arc tan of the square root of the value. 
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6.3  Results 
 
Growth performance and feed utilization of catfish in Experiment 1 are presented in Table 
6.5. Fish fed with diet CM30 had significantly lower growth performance and feed utilization 
compared to that of the control fish. The growth of fish on diet CM30P1, supplemented with 
1000FTU/kg, was identical to that of fish on the control diet while the growth of fish fed with 
diets CM30P2 and CM30P3 was significantly lower than that of the control fish. FCR of fish 
fed with diet CM30P1 did not significantly differ from that of fish fed with the control diet  
while fish fed with all other CM diets had significantly greater FCR than that of the control 
fish. PER of fish on diet CM30 was significantly lower than that of the control fish but there 
was no significant difference in ANPU of fish in all treatments. Fish fed with diet CM30P1 
had significantly better PER compared to that of fish fed with diet CM30. PhER of fish fed 
with all CM diets was significantly lower than that of the control fish but was not significantly 
different from one other. 
 
Table 6.5 Growth and feed utilization indices of Australian catfish fed with CM diets 
supplemented with graded levels of phytase (at 24oC for 84 days under 12:12 light regime). 
 Control CM30 CM30P1 CM30P2 CM30P3 
Initial weight (g) 6.03 ± 0.06 6.07 ± 0.02 6.08 ± 0.06 5.95 ± 0.05 6.08 ± 0.03 
Final weight (g) 26.8a ± 0.82 23.2b ± 0.52 25.4ab ± 0.78 23.3b ± 0.48 24.8b ± 0.43 
SGR 1.77a ± 0.03 1.60b ± 0.02 1.70ab ± 0.03 1.62b ± 0.02 1.67ab ± 0.06 
FCR 1.52a ± 0.03 1.69b ± 0.03 1.59ab ± 0.04 1.68b ± 0.01 1.66b ± 0.08 
PER 1.67a ± 0.04 1.49b ± 0.03 1.63a ± 0.04 1.55ab ± 0.01 1.58ab ± 0.07 
ANPU 0.22 ± 0.02 0.19 ± 0.01 0.21 ± 0.02 0.19 ± 0.01 0.21 ± 0.01 
PhER 46.3a ± 0.99 39.8b ± 0.72 42.6b ± 1.12 41.8b ± 0.09 41.3b ± 1.89 
Values are expressed as mean ± SE (n=3, replicate tanks/treatment); in the same rows, values indicated with the 
same superscript are not significantly different (p > 0.05) 
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Data on the growth performance of catfish in Experiment 2 are presented in Table 6.6. The 
growth of the control fish was significantly better than that of fish fed with all non-P 
supplemented CM diets. Fish fed with diets CMPA and CMP had similar growth performance 
to that of the control fish. 
 
Table 6.6 Growth indices of Australian catfish fed with CM diets containing different 
combinations of nutrient supplements (at 24oC for 84 days under 12:12 light regime). 
Growth indices 
Treatments 
Initial weight (g) Final weight (g) SGR 
Control 26.7 ± 0.05 90.1a ± 6.15 1.44a ± 0.08 
CM45 26.5 ± 0.24 71.6b ± 1.84 1.18b ± 0.03 
CMPT 26.5 ± 0.23 74.4b ± 2.34 1.23b ± 0.03 
CMPTA 26.5 ± 0.15 77.6bc ± 2.91 1.28bc ± 0.05 
CMPA 26.5 ± 0.12 90.5a ± 2.53 1.46a ± 0.04 
CMAA 26.7 ± 0.08 73.7b ± 0.84 1.21b ± 0.01 
CMP 27.2 ± 0.78 87.4ac ± 3.53 1.39ac ± 0.01 
Values are expressed as mean ± SE (n=3, replicate tanks/treatment); in the same columns, values indicated with 
the same superscript are not significantly different (p > 0.05) 
 
The effects of dietary treatments on feed and nutrient utilization efficiencies of catfish in 
experiment 2 are presented in Table 6.7. FCR and PER of fish fed with the CMPA, CMP, and 
control diets were not significantly different from one other and were significantly better than 
that of fish fed with all other CM diets. The ANPU of fish on CMPT and CMAA diets did not 
significantly differ from that of fish on the CM45 diet but fish fed with diet CMPTA had 
significantly higher ANPU than fish fed with diet CM45. Catfish fed with diets CMPA and 
CMP demonstrated significantly better protein retention than fish fed with diet CM45. Table 
6.7 also showed that PhERs of fish fed with CM45, CMPA, and CMP diets were significantly 
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lower than that of fish fed with the control diet and were not significantly different from each 
other. Catfish on diets CMPT and CMPTA had comparable PhERs to the control fish but only 
the fish fed with CMPTA diet, supplemented with both phytase and AAs, had significantly 
higher PhER than fish fed with CM45 diet. 
 
Table 6.7 Feed utilization indices of Australian catfish fed with CM diets containing different 
combinations of nutrient supplements (at 24oC for 84 days under 12:12 light regime). 
Feed utilization indices 
Treatments 
FCR PER ANPU PhER 
Control 2.17a ± 0.16 1.22a ± 0.09 0.16ac ± 0.01 35.2a ± 2.51 
CM45 2.72b ± 0.12 0.97b ± 0.04 0.13bd ± 0.01 28.7b ± 1.30 
CMPT 2.51b ± 0.04 1.06bc ± 0.02 0.14cd ± 0.02 31.6ab ± 0.55 
CMPTA 2.38bc ± 0.10 1.09abc ± 0.05 0.16ac ± 0.04 33.3ac ± 1.40 
CMPA 2.12a ± 0.05 1.22a ± 0.03 0.17a ± 0.06 29.5bc ± 0.72 
CMAA 2.58b ± 0.01 0.99b ± 0.00 0.12b ± 0.05 31.1bc ± 0.15 
CMP 2.19ac ± 0.02 1.19ac ± 0.02 0.15ac ± 0.03 28.4b ± 0.38 
Values are expressed as mean ± SE (n=3, replicate tanks/treatment); in the same columns, values indicated with 
the same superscript are not significantly different (p > 0.05) 
 
Table 6.8 presents the proximate composition, Ca, and P content in the carcass of 
experimental fish in the experiment 1 and 2. In experiment 1, there were no significant 
differences in moisture and protein content of catfish fed with different experimental diets. 
Lipid content of fish fed with diets CM30 and CM30P3 were significantly higher than that of 
the control fish. Fish fed with all CM diets had similar lipid content.  The P content of fish fed 
with diet CM30 was significantly lower than that of the control fish but was not significantly 
different from that of fish on any other diet.  
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Table 6.8  Proximate composition, calcium, and P content in the carcass of Australian catfish 
fed with phytase supplemented CM diets (at 24oC for 84 days under 12:12 light regime) 
Nutrient composition as % live weight basis Treatments 
Protein Lipid Ash P Ca 
Experiment 1      
Control 12.4 ± 0.7 5.61a ± 0.52 2.43 ± 0.03 0.46a ± 0.02 5.44 ± 0.24 
CM30 12.2 ± 0.7 6.85b ± 0.70 2.28 ± 0.12 0.39bc ± 0.01 5.82 ± 0.32 
CM30P1 11.9 ± 0.5 6.14ab ± 0.59 2.35 ± 0.05 0.40abc ± 0.01 5.50 ± 0.28 
CM30P2 11.5 ± 0.4 5.91ab ± 0.33 2.23 ± 0.12 0.42ab ± 0.02 5.41 ± 0.65 
CM30P3 12.4 ± 0.4 7.20b ± 0.40 2.22 ± 0.09 0.36c ± 0.03 5.17 ± 0.37 
Experiment 2      
Control 13.5 ± 0.1 8.72 ± 0.10 2.39a ± 0.07 0.35a ± 0.02 3.45a ± 0.72 
CM45 13.8 ± 0.2 8.85 ± 0.78 2.44a ± 0.08 0.36a ± 0.05 3.13a ± 0.14 
CMPT 13.9 ± 0.1 8.42 ± 0.26 2.52a ± 0.04 0.40a ± 0.08 3.92a ± 1.53 
CMPTA 14.3 ± 0.6 7.98 ± 0.19 2.67ac ± 0.01 0.43a ± 0.05 3.15a ± 0.31 
CMPA 14.0 ± 0.2 6.92 ± 0.15 3.25b ± 0.12 0.58b ± 0.00 7.07b ± 0.39 
CMAA 13.0 ± 0.3 8.44 ± 0.18 2.32a ± 0.03 0.32a ± 0.02 2.42a ± 0.00 
CMP 13.1 ±0.1 6.40 ±0.44 3.68bc ± 0.42 0.52b ± 0.01 4.40ab ± 1.12 
Values are expressed as mean ± SE (n=6, 3 replicate tanks/treatment); in the same columns, values with the same 
superscript are not significantly different (p > 0.05), within each experiment. 
In experiment 2, there were no significant differences in protein content of catfish fed with 
different diets. Lipid content of the fish fed with diets CMPA and CMP were significantly 
lower than that of the fish fed with all other diets, except CMPTA diet. The ash content of 
catfish fed with CMP and CMPA diets, supplemented with inorganic P, were significantly 
higher than that of fish fed with all other diets. Carcass P of fish fed with diet CMP was not 
significantly different from that of fish fed all non-P supplemented diets, except those on the 
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CMPTA diet. Fish fed with the CMPA diet had significantly higher carcass Ca compared to 
that of fish fed with all other diets, except those on the CMP diet. Carcass Ca of fish fed with 
diet CMP was not significantly different from that of fish fed all non-P supplemented diets. 
There were no significant effects of dietary treatments on the trace element (Cu, Fe, Zn, and 
Mn) content of fish in both experiments. Data are therefore not shown and could be found in 
Appendix 5. 
 
The estimated N and P wastes of experimental catfish in experiment 1 & 2 are presented in 
Table 6.9. In experiment 1, the estimated N waste of fish fed with the CM30 and CM45 diets 
was significantly higher than that of fish fed with the control and comparable to that of fish 
fed all other diets. There was no significant effect of phytase on N waste of the fish. P waste 
of fish fed with phytase supplemented diets was not significantly different from that of fish on 
CM45 diet and significantly higher than that of the control fish. In Experiment 2, fish fed with 
diet CM45 had significantly higher N waste compared to fish fed with the control diet. There 
was a significant decrease in N waste of fish fed with CMPT and CMPTA diets compared to 
fish fed with CM45 diet. In addition, fish fed with CMPA diet had significantly higher N 
retained and lower N waste compared to that of fish fed with diet CM45. 
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Table 6.9 The estimated N and P budgets (g/kg weight gain) of Australian catfish fed with CM diets, supplemented with phytase or other nutrient 
supplements (at 24oC for 84 days under 12:12 light regime) 
N P Treatments  
Intake Retention Waste Intake Retention Waste 
Experiment 1       
Control 95.9a ± 2.06 21.1 ± 1.50 74.9a ± 2.23 21.6a ± 0.46 4.78a ± 0.28 16.8a ± 0.23 
CM30 107b ± 1.92 20.9 ± 1.56 86.6b ± 1.99 25.1b ± 0.45 3.94bc ± 0.18 21.1b ± 0.30 
CM30P1 98.3ab ± 2.57 20.2 ± 1.03 78.1ab ± 3.54 23.6ab ± 0.62 4.04abc ± 0.13 19.5b ± 0.67 
CM30P2 105ab ± 2.72 19.4 ± 0.96 86.0ab ± 2.16 23.9b ± 0.06 4.38ab ± 0.25 19.5b ± 0.20 
CM30P3 106ab ± 6.94 21.2 ± 0.83 82.7ab ± 6.38 24.4b ± 1.12 3.53c ± 0.33 20.9b ± 0.85 
Experiment 2       
Control 142ac ± 4.06 23.1ac ± 0.93 119a ± 4.93 30.0ab ± 0.47 3.81a ± 0.15 26.2ad ± 0.62 
CM45 152b ± 3.72 20.0bd ± 0.59 131b ± 4.93 31.9b ± 0.78 3.19b ± 0.08 28.7be ± 0.84 
CMPT 143ac ± 0.37 21.0ab ± 0.28 122a ± 0.47 30.0a ± 0.08 3.81a ± 0.07 26.2ad ± 0.06 
CMPTA 144abc ± 3.30 22.6ac ± 0.89 122a ± 2.61 29.6a ± 0.67 4.42c ± 0.13 25.1a ± 0.71 
CMPA 144abc ± 2.98 24.5c ± 0.82 119a ± 3.20 37.1c ± 0.94 7.23d ± 0.11 29.9bc ± 0.91 
CMAA 151bc ± 0.55 18.5d ± 0.68 132b ± 0.91 30.1a ± 0.11 2.57e ± 0.03 27.6de ± 0.08 
CMP 141a ± 0.43 21.4ab ± 0.41 120a ± 0.84 37.0c ± 0.11 6.02f ± 0.05 31.0c ± 0.15 
Values are expressed as mean ± SE (n=3 replicates/treatment); in the same columns, values indicated with the same superscript are not significantly different (p > 0.05), within each 
experiment. 
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Table 6.9 also shows that catfish fed with the CM30 and CM45 diets had significantly higher 
P waste compared to the control fish. While dietary phytase did not lower P waste of fish in 
experiment 1, it significantly decreased P waste of the fish in experiment 2 since a significant 
reduction in P waste was found in fish fed with CMPT and CMPTA diets in comparison to 
that of fish fed with CM45 diet. Catfish fed with either CMPA or CMP diet had significantly 
higher estimated P waste compared to that of fish fed with all other diets, except the control 
and CM45 diet.  
 
Figure 6.1 presents data on the effects of dietary phytase on the daily ortho-P and total P 
waste in tank water. Results showed that ortho-P waste of fish fed with all CM diets was 
significantly lower than that of fish fed with the control diet. The total P waste of fish fed with 
all CM diets was significantly higher than that of fish on the control diet. However, there was 
no significant effect of dietary phytase on ortho and total P waste of the fish. 
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In the same data series, * denotes the significant difference from the control (p < 0.05) 
Figure 6.1 Daily ortho-P and total P waste (mg/kg fish) of Australian catfish fed with phytase 
supplemented CM diets, conducted at 24oC (mean ± S.E., n=3 replicate tanks/treatment) 
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The daily ortho P and total P waste of fish fed with nutrients supplemented CM diets are 
shown in Figure 6.2. Catfish on the CM45 diet had significantly lower ortho P and higher 
total P compared to those of the control fish. In addition, ortho P waste of fish fed with all 
non-P supplemented CM diets was significantly lower than that of fish fed with the control 
diet. Catfish fed with the CMPTA diet had a significantly lower total P waste compared to 
fish on the CM45 diet. However, dietary phytase did not affect ortho P waste of the fish. The 
ortho P waste was significantly higher in catfish fed with CMPA diet than in catfish fed with 
all other diets, including the control. Catfish fed with CMP had significantly higher ortho P 
waste than fish fed with all other CM diets. The total P waste of fish on the CMP and CMPA 
diets were significantly elevated compared to that of the fish on all other diets, except the 
CM45 diet. 
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* indicates significant difference from the control and ** indicates significant difference from fish fed CM45 diet (p < 0.05) 
Figure 6.2 Daily ortho-P and total P waste (mg/kg fish) of Australian catfish fed with CM 
diets supplemented with different combination of nutrients, conducted at 24oC (mean ± S.E., 
n=3 replicate tanks/treatment) 
 
 149 
6.4  Discussion 
 
Results from the 2 experiments indicated that only 30% FM protein was replaceable by CM in 
diets of Australian catfish. At the higher CM inclusion level of 45% FM protein replacement, 
the use of phytase as a sole treatment or in combination with lysine and methionine failed to 
improve the growth performance, nutrient utilization, and waste production of the fish. 
Although supplementation of inorganic P showed a significant positive effect on growth, it 
resulted in high P waste from fish which posed a potential negative impact on the 
environment. 
 
The significantly poorer growth performance of catfish fed with CM30 and CM45 diets 
confirmed the results from Chapter 3, as with fish fed 30% FM protein replacement. The low 
acceptance of dietary CM has been reported in many fish species, such as 15% in Chinook 
salmon, Oncorhynchus tshawytscha (Higgs et al., 1982; Satoh et al., 1998); 15% in tilapia, 
Oreochromis mossambicus (Davies et al., 1990); and 36% in channel catfish, Ictalurus 
punctatus (Webster et al., 1997). It would therefore seem that dietary CM is accepted at low 
inclusion levels by most fish. The reason could be attributed to the anti-nutrient content, 
especially glucosinolates in CM, rather than the nutritional quality of the meal. 
 
Replacement of 30% of FM protein with CM did not affect the total P content of the diets, but 
lysine and methionine content of the replacement diets were decreased by about 6% and 18%, 
respectively, compared to those of the control diet. However, the growth of fish was improved 
and similar to that of the control fish when phytase was added without the need for 
supplementing with AAs. Therefore, the low AAs may not be the main cause for the poor 
growth of fish but phytate since AAs in CM could be bound with phytate and thus became 
unavailable, causing significant impairment in growth of fish. 
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In experiment 2, at 45% FM protein replacement neither phytase nor combinations of phytase 
and AAs could improve the growth and nutrient utilization of fish. However, adding inorganic 
P significantly improved the performance of the fish. At this level of inclusion, CM diets had 
a similar total P content to the control diet but a high proportion of dietary P from CM could 
be bound in phytate form which was unavailable to fish. Therefore, adding P to equalize the P 
content of CM diets with the control diet and to compensate for approximately 70% of P from 
the dietary CM resulted in a significant improvement in the growth and feed utilization of 
catfish. Maybe the level of phytase added was not sufficient to release the P which is more 
tightly bound than in SBM. 
 
CM diets in experiment 2 had a lower lysine and methionine content compared with those in 
experiment 1 since more dietary FM was replaced with CM. Indeed, the lysine and 
methionine content of diets CM45, CMPT, and CMP were about 11% and 28% lower than 
those of the control diet, respectively. This may have made the diets significantly imbalanced 
in those AAs and the sole inclusion of phytase was not able to compensate. In addition, 
phytate content in CM diets (1.8%) in experiment 2 were about 6 times of that in the control 
diet (0.3%). This could significantly reduce the digestibility of protein, AAs, and P in the 
diets. However, since other anti-nutrients in CM, especially glucosinolates, were not 
determined, these components may also have contributed significantly to the effects of high 
CM diet on the performance of the fish. 
 
The effects of dietary phytase on the growth and feed utilization of catfish was not clear in 
experiment 1. Although there was a slight improvement in the growth of fish fed with 
CM30P1 diet, no significant differences were found in the growth of fish fed with phytase and 
non-phytase supplemented CM diets. However, since fish on the CM30P1 diet had 
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comparable growth performance to the control fish, the diet was considered the best phytase 
treatment in CM diets for catfish. Previous studies on the use of phytase have reported that 
significant improvement could only be found when dietary phytase was increased to a certain 
level and overuse of dietary phytase might lead to negative effects on the performance of fish, 
including Pangasius pangasius fingerlings (Debnath et al., 2005); red seabream, Pagrus 
major (Biswas et al., 2007). Therefore, 1000 FTU/ kg was chosen as the best dietary phytase 
treatment for CM diets in catfish and this inclusion level was used in experiment 2 in order to 
test the significance of nutrient supplements.  
 
Since fish fed with diet CM30P1 had only a marginally better growth compared to that of fish 
fed with diet CM30, it is possible that supplementation of phytase only may not be sufficient 
to enhance nutritive value of CM. At the same inclusion level of 30% FM protein 
replacement, dietary phytase significantly improved the growth of catfish fed with SBM diets 
in the previous experiments described in Chapter 5. The discrepancy may be ascribed to the 
high phytic acid content of the CM, being 4.26% compared with 1.9% in SBM. This could 
also lead to the low availability of P and AAs in high CM content diets.  
 
Moreover, while adding AA to plant protein based diets is a very common practice to improve 
the growth of fish in previous studies (Floreto et al., 2000; Ai and Xie, 2005; Deng et al., 
2006; Gatlin III et al., 2007), supplementation of lysine and methionine into CM diets in the 
present study failed to improve the growth of Australian catfish when CM was used to replace 
45% FM protein in the diets. Additionally, a combination of both phytase and AAs did not 
enhance the growth performance of the fish. Although the effects of dietary free AAs are 
often varied among fish species (Ketola, 1982; Zarate and Lovell, 1997), the significant 
improvement in growth of fish fed with AAs supplemented SBM diets (Chapter 5) proved the 
importance of dietary AAs for Australian catfish. However, the poor performance of catfish 
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fed with CM diets supplemented with both phytase and AAs suggested that AAs may not be 
the most important limiting factor in CM diets of Australian catfish. 
  
Since neither phytase nor limiting AAs could improve the growth performance of catfish, 
other anti-nutritional factors in CM could have significant effects on the nutritive values of 
CM diets for the fish. Glucosinolates content in CM, which was not determined in the present 
study, may have a large impact on the growth of fish. Glucosinolates, a common anti-nutrient 
in CM,  limit the use of CM in animal feeds as they cause detrimental effects on the liver and 
kidney of fish (Higgs et al., 1982; Higgs et al., 1995; Francis et al., 2001; Tripathi and 
Mishra, 2007). Previous studies have reported negative effects of glucosinolates on the 
growth of fish (Mawson et al., 1994; Burel et al., 2001) although these effects were varied 
dependent on the nutritional quality and the content of other anti-nutrients in a particular 
source of CM. According to Francis (2001), the ingestion of as low as 1.4 µmol 
glucosinolates per gram diet led to a decrease in both growth rate and feed efficiency in 
rainbow trout. According to Glencross (2003) and Mwachireya et al. (1999), the normal 
glucosinolates concentration in CM is approximately 9000 µmol/kg. Based on this value, the 
estimated concentration of glucosinolates in the CM30 diet, containing 30.57% CM, was 2.75 
µmol/g. This level was almost double the level that caused significant impairment in rainbow 
trout, which was 1.4 µmol/g as reported by Francis (2001). Therefore glucosinolates are 
implicated as the reason for the poor growth of catfish in the present study. 
 
Inclusion of inorganic P into diets for catfish significantly improved the performance of the 
fish. Therefore, it may suggest that P content is a limited factor in CM, especially at high 
inclusion levels. Since dietary P of the CM diet was similar to that of the control diet, the P 
deficiency of CM diets may be attributed to its high content of phytate P, which has been 
proven to be poorly digestible to many fish species, such as rainbow trout, Oncorhynchus 
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mykiss (Burel et al., 2000, Cheng and Hardy, 2002); and turbot, Psetta maxima (Burel et al., 
2000). Good growth performance of fish fed with diet CMPA, supplemented with both 
organic P and free AAs, again confirmed the importance of inorganic P in CM diets for 
Australian catfish. However, the use of dietary inorganic P must be carefully evaluated as it 
may decrease the P utilization efficiency of fish as well as increase P waste of fish, as 
demonstrated by the results of experiment 2. 
 
The results on feed and protein utilization efficiencies of catfish in both experiments 
illustrated that dietary CM significantly impaired FCR and PER of fish. This significant 
negative impact is consistent with the results in Chapter 3 on the sole use of CM. Similar 
findings have been reported in previous studies when a significant proportion of FM protein 
was replaced with CM in diets of other fish species. Webster et al. (1997) observed the 
significantly poorer FCR and PER of channel catfish, Ictalurus punctatus fed with diets 
containing 36% or more CM. Likewise, Thiessen et al. (2003) found significantly greater 
FCR values in rainbow trout, Oncorhynchus mykiss fed with CM diets compared to fish fed 
with FM control diets. In the present study, the significant effect of phytase on feed utilization 
of fish was only seen when 1000 FTU/kg feed was included into SBM diets at the inclusion 
level of 30% dietary FM protein replacement. Higher inclusion levels did not improve but 
tended to diminish the feed utilization efficiency of the fish. Similar effects of dietary phytase 
have been revealed in previous studies as discussed in Chapter 5. Use of phytase did not 
improve the nutritive value of the diets and the growth of experimental fish was inhibited 
even when phytase was added possibly since phytate may not be the most important anti-
nutrient in CM. Glucosinolates may also have significant effects on FCR of fish as reported 
by Burel et al. (2001), which explains the poor feed and nutrient utilization of fish fed all CM 
diets in the present experiment. Therefore, trials on the effects of heat treatment are 
recommended to improve the nutritive values of CM. 
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The trend in the effects of dietary treatments on PER and the estimated N waste of fish was 
similar to that observed and discussed in Chapter 5. While dietary phytase had only a 
marginal effect on PER of fish when CM was used at the inclusion level of 30% FM protein 
replacement, significant improvement in PER was seen in fish fed with phytase supplemented 
CM diet at the inclusion level of 45% FM protein replacement. Similarly the estimated N 
waste of fish was not affected by dietary phytase when 30% FM protein was replaced with 
CM but was significantly lowered when phytase was supplemented in a diet containing CM as 
45% FM protein replacement. 
 
Dietary CM significantly impaired the PhER of catfish at both levels of inclusion. Addition of 
phytase at the dose of up to 3000 FTU/kg did not improve P utilization efficiency of the fish, 
despite a slight improvement in PhER of fish fed with the CM30P1 diet. The significant 
negative effects of CM on PhER of fish may be attributed to the high phytate content (43 
g/kg) of the meal, which made the P content of CM diets poorly available. However, inclusion 
of phytase significantly increased PER of the fish. The improved PER and low PhER of fish 
fed with phytase supplemented CM diets suggested that P was an important limiting factor in 
CM containing diets. Indeed, with the P and phytate content of 1.44% and 4.26%, 
respectively, CM has a significantly higher level of P that is probably bound with phytate and 
poorly available to fish. Higher P content in a poorly available form could cause low P 
digestibility of CM diets, especially at high inclusion levels, which consequently resulted in 
low P retention rate of the fish fed with the respective diets. In addition, low PhER of fish fed 
with CM diet may also suggest that fish may correspondingly have high P waste. 
 
Supplementation of P in diets for catfish significantly improved the growth performance of 
the fish demonstrating the importance of dietary P when CM was used as FM replacer in diets 
for Australian catfish. However, supplementation of inorganic P significantly impaired the P 
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efficiency ratio of the fish. The poorer P retention of fish fed with P supplemented diets has 
been reported in previous studies. Sajjadi and Carter (2004a) found similar result on the 
effects of P supplemented CM diets for Atlantic salmon, Salmo salar. The low retention rate 
of P has been discussed in Chapter 5. 
 
Catfish fed P supplemented CM diets (CMP and CMPA) had significantly higher estimated P 
waste compared to that of all other diets. The correlation between dietary P and P waste of 
fish has been reported in previous studies, as discussed in Chapter 5. Though dietary P 
significantly improved growth of catfish, the poor P retention and high P waste of the fish fed 
with P supplemented diets suggested that supplementation of P is not an environmentally 
friendly practice to increase the inclusion of CM as FM protein replacer in diets for Australian 
catfish. In addition, dietary CM significantly increased P waste of catfish and inclusion of 
dietary phytase did not lessen this negative effect. 
 
The use of phytase and/or AA supplements had no significant effects on carcass proximate 
composition of catfish regardless of the inclusion level of CM and phytase. However, dietary 
supplements of inorganic P significantly reduced lipid content and significantly increased the 
ash, P and calcium content in the carcass of catfish. This significant effect of dietary organic P 
was in accordance with the results from the previous experiments on SBM which has been 
discussed in Chapter 5. 
 
The daily ortho-P waste was significantly lower in fish fed with CM diets at both inclusion 
levels. The ortho-P waste was significantly higher in fish fed with P supplemented diets and 
the highest daily ortho-P waste was seen in fish fed with the diet CMPA, which was 
supplemented with inorganic P as well as lysine and methionine. The effect of dietary P on P 
waste of fish has been discussed in Chapter 5. The low ortho-P waste of fish fed with CM 
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diets suggested the low availability of dietary P in these diets. This may also indicate that 
using phytase may reduce the immediate P waste of fish compared with the control FM diet. 
However, the total P waste needs to be evaluated in order to understand the full impact of CM 
on the environment. 
 
Catfish fed with CM diets at either 30 or 45% FM replacement had significantly higher daily 
total P waste compared to that of fish fed with the control diet. There was no significant effect 
of phytase observed when CM was used at 30% FM protein replacement. However, addition 
of phytase only or in combination with limiting AAs significantly reduced total P waste of 
catfish fed with diets containing CM as replacement of 45% FM protein. The enhancement of 
P utilization and reduction of total P waste of fish fed with phytase supplemented plant-based 
diets have been reported in previous studies (Storebakken et al., 1998; Forster et al., 1999; 
Sajjadi and Carter, 2004a; Biswas et al., 2007; Nwanna and Schwarz, 2007; Dalsgaard et al., 
2009). The common explanations for the improvement of dietary P utilization were: (1) the 
liberation of chelated phytate-P by phytase leading to higher availability of dietary P (Cao et 
al., 2007); and (2) the promotion of P deposition in fish by dietary phytase leading to higher P 
utilization and low P waste discharged by fish (Cao et al., 2008). In the present study, phytase 
only showed a significant effect on total P waste of fish when CM replaced 45% dietary FM 
protein and only when used in combination with supplemented AAs. Fish fed with all non-P 
supplemented CM diets discharged significantly higher P waste compared to that of the 
control fish. This may be caused by the high P content in the phytate bound form that is 
poorly available and mostly discharged by the fish. 
  
Supplementation of inorganic P, either solely or in combination with limiting AAs, 
significantly elevated the total P waste of catfish. The major causes for these effects have 
been discussed in Chapter 5. Although high dietary P significantly improved the growth of the 
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fish, its detrimental effects on P waste need to be taken into consideration when formulating 
an environmentally friendly diet for the fish. 
 
6.5  Conclusions 
 
Only 30% of FM protein could be replaced with CM in diet of catfish, with no reduction in 
growth and nutrient utilization, when 1000 FTU/kg feed was supplemented. The use of 
phytase, limiting AAs, or combination of these supplements did not improve the growth of 
catfish when 45% FM protein was replaced with CM. The estimated N waste of fish was 
increased when FM was replaced with CM and dietary phytase significantly lowered N waste 
of fish only when SBM replaced 45% FM protein. Replacing dietary FM with CM elevated 
the total P waste of fish. Dietary phytase had no effect on P waste of catfish when CM 
replaced 30% FM protein of the fish. At 45% FM protein replacement, adding both phytase 
and AAs into CM diets significantly lowered the estimated P waste and total P waste of the 
fish. Supplementation of P into CM diets significantly improved the growth of catfish but it 
significantly impaired P utilization efficiency and increased both ortho-P and total P waste of 
the fish. The results indicated the possible effects of glucosinolates in CM on the growth of 
catfish, which could have significantly negated the beneficial effects of phytase. Replacement 
of 45% FM protein with CM in diet of catfish is not recommended unless the effects of 
glucosinolates in CM on the fish are evaluated and appropriate treatments trialed. 
Supplementation of inorganic P is also not a recommended practice as it would cause higher P 
waste of catfish despite its positive effects enhancing the growth of catfish. Therefore, 
determination of glucosinolates in CM and trials on heat treatment are recommended in order 
to improve the use of CM in diets for Australian catfish. 
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CHAPTER 7: EFFECTS OF CHLORPYRIFOS ON GROWTH AND FEED 
UTILIZATION OF AUSTRALIAN NATIVE CATFISH, TANDANUS 
TANDANUS 
Abstract 
Organophosphate (OP) pesticides are very commonly used in agriculture. They are likely to 
contaminate the surrounding environment and negatively affect non-target aquatic species, 
including fish. There have been several studies on the effects of organophosphate pesticides 
on fish; however the effects of these pesticides on the growth of fish in culture have been little 
investigated. In the first experiment of this study, Australian catfish were exposed to a series 
of chlorpyrifos concentrations (0.1 to 2.0µg/L) as a short term pulse to evaluate the effects of 
the chemical on the acetylcholinesterase enzyme (AChE) activity and on the growth of fish 
over 2 weeks. Brain AChE of fish was significantly inhibited by chlorpyrifos exposure at both 
exposure concentrations and the resulting inhibition remained significant for at least 1 week. 
In a second experiment fish were exposed to higher concentrations of 2 and 10µg/L 
chlorpyrifos for 22 and 2 hours, respectively, as short term pulses in order to evaluate the 
effects of the OP toxicant on subsequent growth and feed utilization of the fish for 6 weeks 
after transfer to clean water. AChE activity was also measured as a biomarker of exposure to 
the OP. Growth of Australian catfish exposed to both concentrations of pesticide was 
significantly impaired. Feed conversion and protein efficiency ratios were also statistically 
negatively affected. The relative ratio of liver weight to whole body weight of fish was 
significantly elevated in fish exposed to 10µg/L chlorpyrifos. Though AChE activity of fish 
was depressed by the exposure to chlorpyrifos at all concentrations, fish showed the ability to 
recover two weeks after transfer to clean water In addition, the growth rate of fish recovered 
to the control  rate in the last 2 weeks of the 6-week growth experiment. 
Keywords: Australian catfish, chlorpyrifos, fish growth, organophosphates, 
acetylcholinesterase 
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7.1  Introduction 
 
Organophosphate (OP) pesticides are widely used in tropical agriculture (Chandrasekara and 
Pathiratne, 2007; Sun and Chen, 2008). The pest control mechanism of these chemicals are 
based on their inhibition of the brain enzyme acetylcholinesterase (AChE), an enzyme 
essential for neurotransmission in all animals, causing nerve disruption or direct death. As a 
result of the inhibition of brain AChE, hyperactivity and paralysis are the common symptoms 
of exposure to high levels of OP pesticides, which eventually cause death (Kavitha and Rao, 
2008). Pesticides are very likely to enter water bodies in many ways, including spray drift, 
leaching from soil and water and run off from agriculture (Chandrasekara and Pathiratne, 
2007). The use of these chemicals may have significant impacts on many non-target aquatic 
species, including fish which are particularly sensitive to OP toxicants (Hai et al., 1997). 
 
Chlorpyrifos and diazinon are the most commonly used OP pesticides. Effects of these 
chemicals on biological functions of fish have been widely studied. They have significant 
effects on AChE activity of many fish species, such as the Nile tilapia, Oreochromis niloticus 
(Gül, 2005; Chandrasekara and Pathiratne, 2007); snake head, Channa striata (Cong et al., 
2008); European eel, Anguilla anguilla (Sancho et al., 1997), and mosquito fish, Gambusia 
affinis (Kavitha and Rao, 2008). The immunotoxicity of chlorpyrifos to four native Australian 
freshwater fish was investigated by Harford et al. (2005) who argued that the use of 
chlorpyrifos as a termiticide poses a high risk to the Australian aquatic environment since it is 
a broad-spectrum OP and used at higher concentration, 500kg/ha for crops compared to 
5kg/ha of other pesticides. OP pesticides have also been found to have direct effects on the 
histology of important organs in fish as well as indirect effects on the metabolism of many 
fish species. Indeed, Sancho et al. (1997) revealed that exposure to OP pesticides damaged 
gills and impaired liver metabolism of the European Eel, Anguilla anguilla. This author also 
 160 
found reduction in blood protein of fish exposed to OP toxicants. Physical effects of 
pesticides on fish were also reported by Fanta et al. (2003), who indicated physical damage in 
gills, liver and intestine of the fish Corydoras paleatus exposed to sublethal concentration of 
OP pesticides. The physiology of fish is also affected by OP pesticides. They have been found 
to have significant negative impacts on many enzymes involved in the antioxidation activities 
of many fish species, such as carp, Cyprinus carpio and catfish, Ictalurus nebulosus (Hai et 
al., 1997), the fresh water teleost Channa punctatus (Tripathi et al., 2003), and mosquito fish, 
Gambusia affinis (Kavitha and Rao, 2008). The negative effects of OP pesticides on 
metabolism of fish were found by Lal and Singh (1986), who reported that cythion 
significantly altered the lipid metabolism of catfish, Clarias batrachus.  
  
Since OP pesticides can inhibit the brain AChE in fish and the resulting inhibition can remain 
detectable for a long period, most of the studies on the effects of OP pesticides in fish 
focussed on the use of AChE activity as a biomarker to predict the toxicity of OP pesticides in 
the environment. Responses to OP pesticides by fish are highly varied depending on the 
compound, exposure time and the species (Rao, 2006; Kavitha and Rao, 2008). Attempts have 
also been made to evaluate the effects of OP pesticides on different biological functions of 
fish. However, the effects of OP pesticides on growth of fish in culture are rarely found in the 
literature. Moreover, there has been no study on the impact of OP pesticides on nutrient 
assimilation efficiency of fish, especially important to aquaculture species as it has a major 
impact on the efficacy of fish production. In many countries aquaculture farms are adjacent to 
agricultural areas where OPs are sprayed regularly. Hence it is of interest to evaluate the 
effects of OPs on growth and nutrient assimilation in cultured fish.  
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This study investigated the effects of chlorpyrifos exposure on AChE activity, growth and 
macro nutrient assimilation of the Australian catfish, Tandanus tandanus under optimum 
culture conditions. 
 
7.2  Materials and methods 
Experimental procedures 
 
Experimental fish were procured from Namoi Valley Aquafarming Pty. Ltd., New South 
Wales Australia. Holding conditions and acclimation methods were as described in Chapter 2, 
section 2.1. Prior to the experiments, fish were stocked in experimental tanks and acclimated 
to the experimental conditions and fed for 2 weeks with an experimental diet, which was 
formulated to provide optimal nutrient composition for the growth of the fish. 
 
The first experiment (experiment 1) evaluated the effect of chlorpyrifos on the activity of the 
acetyl cholinesterase enzyme (AChE) in the Australian catfish when exposed to chlorpyrifos 
concentrations, ranging from 0.1 to 2.0µg/L for a short pulse exposure of 22 hours. Recovery 
after exposure was also investigated over a two weeks period in clean water after the 
exposure. The four treatments were: control, 0.1, 0.5 and 2.0µg/L of chlorpyrifos, henceforth 
called the control, treatment 1, treatment 2 and treatment 3, respectively. One tank (36cm x 
50cm x 30cm) was assigned for each of these treatments and 20 fish (of mean weight 4.85 
±0.14g) were randomly stocked into each tank, except treatment 3 which had only 15 fish in 
the tank due to an insufficient number of fish of a similar size. At the start of the experiment, 
5 fish from the stock were sampled for analysis of AChE activity. Fish in each experimental 
tank were then exposed to the assigned concentration of chlorpyrifos for 22 hours as a static 
pulse exposure. After 22-hour exposure, 5 fish from each tank were sampled for analysis of 
AChE activity after exposure. The remaining fish were transferred to clean water in flow-
through tanks and held for 2 weeks, during which they were fed once daily with a laboratory 
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formulated fishmeal-based diet. After one week, 5 fish from each treatment tank, except 
treatment 3, were sampled for analysis of AChE activity (because of inadequate numbers of 
fish). At two weeks after exposure the remaining 5 fish in each tank were all sampled for 
AChE analysis. 
 
The second experiment (experiment 2) was conducted to assess the growth and feed 
utilization of fish after exposure to two different concentrations of chlorpyrifos. The 
experiment consisted of 3 treatments with 4 replicates per treatment, i.e. control, 2µg/L 
chlorpyrifos and 10µg/L chlorpyrifos, henceforth referred to as the control, treatment 1 and 
treatment 2, respectively. In each treatment, 1 tank was randomly reserved to sample fish for 
AChE activity analysis and the remaining 3 tanks were reserved for the growth experiment. 
At the start of the experiment, 120 fish were randomly stocked into twelve 36cm x 50cm x 
30cm tanks which had been assigned to the 3 treatments. In treatment 1, fish were transferred 
to clean water after a 22-hour exposure. Fish in treatment 2 were treated for only 2 hours. 
These fish were very distressed after the 2-hour exposure and demonstrated abnormal 
behaviour. This included lying at the bottom, unbalanced movement, pale colour, and 
exhausted breathing. They were removed from the pesticide and transferred to clean water 
with fish from one tank sampled for AChE activity analysis. Ten fish from one tank of the 
control and treatment 1 were sampled for AChE analysis at this time. Experimental fish in the 
remaining tanks were then transferred to clean water tanks in a flow-through water system 
and fed twice daily to satiation with a laboratory formulated optimal fishmeal-based diet for 6 
weeks to evaluate the effect of chlorpyrifos on the growth and nutrient assimilation of the 
fish. The experimental doses were derived from Chandrasekara, L.W.H.U. & Pathiratne, A. 
(2007) since environmental concentration could not be sourced. 
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Preparation of experimental diets 
The experimental diet used to feed fish in this experiment was prepared with fish meal as the 
main protein source to provide 36% crude protein and 19KJ of energy per gram of feed, 
which supported optimum growth for the Australian catfish in a previous experiment (Chapter 
3). Formulation, proximate composition, and estimated gross energy of the experimental diet 
for experiment 1 and 2 are shown in Table 7.1. 
Table 7.1 Ingredient, proximate and essential amino acid composition of experimental feed 
Ingredient Inclusion as g/ kg feed 
Fishmeal 500.00 
Wheat flour 350.00 
Fish oil 50.00 
Mineral 20.00 
Vitamin 10.00 
CMC 70.00 
Total 1000.00 
Proximate composition % dry matter 
Protein 32.74 
Lipid 9.67 
Ash 12.55 
Carbohydrate(a)  45.04 
Gross energy (kJ. g-1)(b) 19.31 
(a) Carbohydrate content was calculated by difference 
(b) Gross energy was estimated from energy density of nutrient components 
 
Sampling procedures for feeding experiment (experiment 2) 
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Ten fish were sampled at the start of the experiment to allow for initial fish carcass analysis. 
Fish were weighed every two weeks during the 6 week experimental period, in order to 
determine the growth of fish and to adjust the amount of feed to be provided to fish to 
maintain the same feeding level as fish body weight altered. All uneaten feed were collected 
15 minutes after feeding and taken into consideration for the calculation of total feed intake of 
fish. At the end of each experiment, 5 fish from each tank were sampled for analysis of AChE 
activity and liver weight measurement. All fish from each tank were ground, dried and stored 
at -20oC for carcass proximate analysis. 
 
Feed intake, specific growth rate (SGR), percentage weight gain (WG), food conversion ratio 
(FCR), protein efficiency ratio (PER), dietary phosphorus efficiency ratio (PhER), apparent 
net protein utilization (ANPU), nitrogen retention (NR), nitrogen intake (NI) and nitrogen 
loading (NL) were used as indices to evaluate the effect of treatments on growth and nutrient 
utilization of the fish. These parameters were calculated as described in Chapter 2, section 2.7 
 
Chemical analysis 
 
Proximate analyses of feed ingredients, experimental diets, and whole fish carcass were 
conducted in duplicates based on the procedures of the AOAC (1990). Analytical methods are 
also described in Chapter 2, section 2.4.  
 
Acetyl cholinesterase enzyme (AChE) assay 
 
The sample collection method was adapted from Cong et al. (2006) and Kavitha and Rao 
(2008). Fish used for the AChE assay were euthanized by an overdose of the anesthetic 
AQUI-S and immediately kept on ice. All fish were weighed individually before dissecting 
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brain tissues on ice. Brain tissues were homogenized in ice-cold phosphate buffer pH 8.0; the 
homogenates were transferred to 10-mL centrifuge tubes and centrifuged at 3000 rpm at 4oC 
for 30 minutes using a Sigma Laboratory Centrifuge 3K15. Finally, 1.0mL of supernatant was 
placed into eppendorf tubes and kept on ice for analysis within 6 hours or stored at -80oC for 
analysis within 14 days. 
 
AChE activity in brain tissues was measured following the method of Ellman et al. (1961) 
with minor modifications as adapted by Kavitha and Rao (2008). Briefly, the AChE 
measurements were performed in a 96-well plate with each well containing 75µL of 0.1M 
phosphate buffer pH 8.0, 25µL of DTNB (0.01M) and 25µL of brain tissue homogenate 
(~20mg/mL). The reaction was initiated by adding 25µL of the substrate (Acetylthiocholine 
iodide 0.075 M) at a room temperature of 22oC. Colour development was measured by 
reading the absorbance at 405nm every 30 seconds for 20 cycles (totally 21 readings in 10 
minutes) using a spectrophotometer Thermo Scientific Multiskan Ascent® N3560. The change 
in absorbance was calculated using a linear regression plotted between time and absorbance 
values for each sample. Enzyme activity was calculated as described by Ellman et al. (1961) 
with modifications according to the modified volumes of reagents, briefly as follow: 
 
 
 
 
Where: 
R = rate, in micro moles substrate hydrolyzed per minute per g of tissue 
∆A = change in absorbance per minute 
Co = original concentration of tissue (mg/mL) 
1.36(104) is the extinction coefficient of the yellow anion (Ellman et al., 1961) 
 
∆A 
1.36(104) 
1 
(25/150)Co 
R = x 106 
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Pesticide analysis 
 
The exposure concentrations of pesticide in water in experiment 2 were determined using the 
Abraxis OP/Carbamate Kit, which is based on a modification of the inhibition of the enzyme 
Acetyl Cholinesterase (ACh-E). ACh-E hydrolyzes acetylthiocholine (ATC), which reacts 
with 5,5’-Dithio-bis(2- Nitrobenzoic Acid) [DTNB] to produce a yellow color which is then 
read at 405 nm. If OP or Carbamate pesticides are present in a sample, they will inhibit ACh-
E reducing or eliminating color formation which is correlated with the concentration of the 
pesticide. The calibration curve was produced by running the assay with a series of 
chlorpyrifos standards made from pure chlorpyrifos purchased from Sigma Aldrich Pty Ltd. 
The water sample concentrations were diluted to a concentration detectable in the assay, 
which is in the range of 0.5µg/L to 2.0µg/L of chlorpyrifos. 
 
Statistical analysis 
Statistical analyses were conducted using SPSS for Windows software version 16.0. The 
Levene’s test was used to test homogeneity of variances. One way analysis of variance 
(ANOVA) was used to test the statistical significance of the differences between the mean 
results of experimental treatments in the growth experiment. Two way ANOVA was used to 
test the significance of the differences within treatments and replicates then data from each 
treatment were pooled if no significant differences were found between replicates within each 
treatments. The LSD post hoc test was performed to test the differences between the means at 
p < 0.05. Means were treated as significantly different from each other if p < 0.05. Data in 
percentage were transformed using arc sine or arc tan of the square root of the value. 
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7.3  Results  
Experiment 1 
Figure 7.1 presents the effects of chlorpyrifos exposure on the experimental fish after 22-hour 
exposure to chlorpyrifos and at one week and 2 weeks after transfer to clean water. Data 
indicated that AChE activity of fish significantly decreased with increase in the exposure 
concentrations (p < 0.001) and was significantly lower in all exposed fish compared to the 
control fish. Further, AChE activity of fish exposed to all concentrations was significantly 
different from one other.  
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At the a time point, data denoted with different scripts are significantly different (p < 0.05) 
Figure 7.1 AChE activity (µmoles/g brain tissue/minute) of Australian catfish at different time 
points during 2 weeks after exposure to different concentrations of chlorpyrifos for 22 hours 
(Mean ± S.E., n=5). 
 
 
The AChE activity of fish at all exposure concentrations was still significantly inhibited one 
week after transfer to clean water. AChE activity of fish exposed to 0.1 and 0.5 µg/L 
chlorpyrifos was significantly lower than that of the respective control fish (p < 0.01). No data 
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were available for fish exposed to the highest concentration at one week after exposure. At the 
end of the experiment, two weeks after transfer into clean water, AChE activity of fish 
exposed to 0.1µg/L and 0.5µg/L chlorpyrifos had recovered and was not significantly 
different from that of the control fish. AChE activity of fish exposed to 2µg/L of chlorpyrifos 
remained significantly lower than that of the respective control fish and fish exposed to other 
chlorpyrifos concentrations.  
 
Table 7. 2 Recovery of fish presented as percentage of control AChE activity of Australian 
catfish exposed to different concentrations of chloryrifos at different time points during 2 
weeks after transferred to clean water 
Chlorpyrifos concentrations (µg.L-1) 
Parameter  Time  
0 (control) 0.1 0.5 2.0 
After exposure 100a 45.9b ± 2.98 29.9b ± 3.64 11.2c ± 1.11 
1 week 100a 74.7b ± 4.10 62.6b ± 5.49 - 
% control 
AChE 
activity 2 weeks 100a 100.5a ± 9.96 95.7a ± 7.50 69.9b ± 10.68 
Values are expressed as mean ± SE (standard error) (n=5); in the same rows, AChE activity values indicated 
with same superscript are not significantly different (p > 0.05) 
 
Recovery of fish is presented in Table 7.2 as the percentage AChE activity of the control fish 
(% control AChE). Results revealed that AChE activity of fish exposed to the lowest 
concentration had fully recovered after 2 weeks of transfer to clean water while there was up 
to 95% recovery of AChE activity observed in the fish exposed to 0.5 µg/L chlorpyrifos. The 
brain enzyme activity remained low (70% of control AChE) in fish exposed to the highest 
concentration of 2.0 µg/L. 
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Experiment 2 
 
Table 7.3 presents the nominal and actual exposure concentrations of chlorpyrifos in 
experiment 2. Data showed that the actual concentrations of chlorpyrifos were close to the 
nominal concentrations and were stable during the exposure period. This ensured the pesticide 
was effective during the exposure period. 
 
Table 7. 3 Nominated and actual exposure concentrations used in experiment 2 
 Concentrations (µg/L of chlorpyrifos) 
Nominated concentrations 2 10 
Actual concentration at start 2.32 ± 0.02 11.7 ± 0.17 
Actual concentration after 22 hour 2.37 ± 0.02 Not applicable 
 
 
Figure 7.2 presents the AChE activity of fish in different treatments at the beginning and end 
of the feeding experiment. AChE activities of fish exposed to both concentrations of pesticide 
were significantly different to that of the respective control fish (p < 0.05). At the end of the 
experiment, 6 weeks after transferring to clean water, AChE activities of fish exposed to both 
concentrations were still significantly different to that of the respective control fish (p < 0.05) 
although significant recovery of AChE activity was found in fish exposed to both 
concentrations of pesticide (Table 7.4).  
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At a same time point, * denotes the significant difference from the respective control (p < 0.05) 
Figure 7. 2 AChE activity (µmoles/g brain tissue/minute) of Australian catfish after exposure 
to 2 and 10µg/L chlorpyrifos and 6 weeks after transferring to clean water (Mean ± S.E., n=5) 
 
Table 7. 4 Recovery of fish presented as percentage of control AChE activity of Australian 
catfish after exposure to 2 and 10µg/L chlorpyrifos and 6 weeks after transferring to clean 
water 
Exposure concentrations of chlorpyrifos 
Parameters Time point 
0 2µg/L 
for 22 hours 
10µg/L 
for 2 hours 
After exposure 100 15.9 ± 3.12 34.1 ± 2.71 % control AChE 
activity After 6 weeks 100 69.6 ± 3.81 72.9 ± 3.63 
Values are expressed as mean ± SE (n=5); in the same rows, AChE activity values indicated with same 
superscript are not significantly different (p > 0.05) 
 
According to Table 7.4, AChE activities of the fish (as percentage of the control) exposed to 
2µg/L chlorpyrifos for 22 hours increased from 15.9% immediately after exposure to 69.6% 
at the end of feeding experiment. The AChE activity of fish (as percentage of the control) 
exposed to 10µg/L chlorpyrifos for 2 hours also increased from 34.1% after exposure to 
72.9% at the end of the experiment. The brain AChE activity of fish significantly decreased 
* 
* * * 
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during the experiments in the controls and all treatments. Brain AChE activity of control fish 
in the experiment 1 significantly increased with time while the opposite result was observed 
in experiment 2. 
 
The growth performance and nutrient utilization of the fish from experiment 2 are depicted in 
Table 7.5. Growth of fish exposed to both concentrations of chlorpyrifos was significantly 
diminished compared to that of the control fish. Final weight, SGR and % weight gain of the 
fish in both treatments were significantly poorer than that of the control fish. However, fish 
exposed to both concentrations of chlorpyrifos exhibited statistically identical growth 
performance. FCR and PER of fish exposed to chlorpyrifos in both treatments was 
significantly poorer than that of the control fish. A slightly different effect was observed for 
the ANPU of fish. ANPU of fish exposed to 2µg/L chlorpyrifos for 22 hours was significantly 
poorer than that of the control fish while ANPU of fish exposed to 10µg/L chlorpyrifos for 2 
hours was statistically comparable to that of the control fish. There was also a significant 
effect of chlorpyrifos exposure on the hepatosomatic index of catfish. While exposing the fish 
to 2µg/L chlorpyrifos for 22 hours did not affect their HSI, HSI of fish exposed to 10µg/L 
chlorpyrifos for 2 hours was significantly greater than that of the control fish, at the end of the 
6 week growth experiment. 
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Table 7.5 Growth and nutrient utilization of Australian catfish 6 weeks after exposure to 
different concentrations of chlorpyrifos in short pulse exposures. 
Exposure concentrations of chlorpyrifos 
Parameter Control 2µg/L 
for 22 hours 
10µg/L 
for 2 hours 
Initial weight (g) 4.75 ± 0.09 4.65 ± 0.03 4.69 ± 0.13 
Final weight (g) 10.5a ± 0.72 8.54b ± 0.19 8.8b ± 0.44 
SGR 1.88a ± 0.12 1.45b ± 0.04 1.49b ± 0.06 
% weight gain 121a ± 10.9 83.8b ± 2.89 86.9b ± 4.74 
Feed intake (% BW.d-1) 2.93 ± 0.07 2.90 ± 0.04 2.95 ± 0.03 
FCR 1.65a ± 0.13 2.06b ± 0.06 2.06b ± 0.10 
PER 1.87a ± 0.15 1.48b ± 0.05 1.49b ± 0.07 
ANPU 0.20a ± 0.03 0.13b ± 0.04 0.15ab ± 0.01 
HSI  1.65a ± 0.14 1.86ab ± 0.10 2.01b ± 0.12 
Values are expressed as mean ± SE (n=3, replicate/treatment); in the same rows, values indicated with same 
superscript are not significantly different (p > 0.05) 
 
The growth pattern of experimental fish during the 6-week feeding experiment after 
chlorpyrifos exposure is depicted in Table 7.6 and in Figure 7.3. Figure 7.3 illustrates the 
advance in growth of the control fish compared with the exposed fish at both concentrations. 
Table 7.6 demonstrated that fish in both exposure treatments exhibited different growth 
performance during the fortnightly periods of the experiment. 
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Figure 7. 3 Weight change in experimental fish during 42 days after exposure to different 
concentrations of chlorpyrifos, at 24oC 
 
Table 7. 6 Fortnightly percentage weight gain of fish during 6-week feeding experiment after 
22-hour exposure to different concentrations of chlorpyrifos 
Exposure concentrations of chlorpyrifos 
Time 
Control 2µg/L for 22 hours 10µg/L for 2 hours 
Week1 & week 2 32.2a ± 1.34 16.1b ± 3.29 18.7b ± 1.93 
Week 3 & week 4 27.7 ± 2.93 21.1b ± 1.42 20.4b ± 1.86 
Week 5 & week 6 30.5 ± 2.27 30.9 ± 2.29 30.7 ± 0.75 
Values are expressed as mean ± SE (n=3, replicate/treatment); in the same rows, values indicated with same 
superscript are not significantly different (p > 0.05) 
 
Proximate composition of fish carcass at the beginning and the end of the feeding experiment 
are shown in Table 7.7. Moisture, crude protein, crude lipid and ash content of fish carcass in 
all treatments were not significantly different from one other. 
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Table 7.7 Proximate composition (as % live weight) of the fish carcass of experimental 
Australian catfish after 6 weeks from exposure to different concentrations of chlorpyrifos 
Treatments Proximate 
composition 
(%) 
Initial fish Control 2µg/L 
for 22 hours 
10µg/L 
for 2 hours 
Dry matter 24.3 22.9 ± 0.19 22.5 ± 0.12 23.0 ± 0.18 
Protein 12.7 11.5 ± 0.31 11.0 ± 0.05 11.6 ± 0.27 
Lipid 7.00 7.25 ± 0.12 6.53 ± 0.38 4.72 ± 0.20 
Ash 2.10 1.95 ± 0.04 1.90 ± 0.02 1.97 ± 0.06 
Values are expressed as mean ± SE (n=6 samples for 3 replicate of each treatment); in the same rows, values 
indicated with same superscript are not significantly different (p > 0.05) 
 
7.4  Discussion 
 
The results of this study clearly demonstrate that brain AChE in Australian catfish is inhibited 
by exposure to low concentrations of chlorpyrifos. Exposure of fish to chlorpyrifos at a 
concentration of 0.1µg/L for 22 hours significantly inhibited 54% AChE activity in the fish 
compared to the control indicating that Australian are very sensitive to chlorpyrifos exposure. 
The resulting inhibition remained significant (36% inhibition) for 1 week after the fish were 
transferred to clean water and fed with the formulated feed. However, the AChE activity 
recovered to the control levels 2 weeks after exposure to this concentration. This also 
indicates that Australian catfish has the ability to recover from the stress induced by 
chlorpyrifos treatment at this concentration. At the higher concentration of 0.5µg/L, exposure 
to chlorpyrifos inhibited almost 70% of AChE activity of the exposed fish after 22 hours and 
the inhibition remained significant until 1 week after transferring the fish to clean water with 
40% inhibition at the end of the week. This high sensitivity of Australian catfish to 
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chlorpyrifos suggests that AChE activity of this species could be a potential biomarker to 
evaluate the toxicity of organophosphate pesticides in the environment. 
 
A sensitive response to OP pesticides has been reported in many other fish species, such as 
the snakehead, Channa striata (Cong et al., 2006; Cong et al., 2008), mosquito fish, 
Gambusia affinis (Kavitha and Rao, 2008), and Nile tilapia, Oreochromis niloticus 
(Chandrasekara and Pathiratne, 2007). However, the results from this study indicate that 
Australian catfish are more sensitive to OP pesticides than these species. Indeed, at the same 
concentration of 0.5µg/L at a similar age of fish (fingerling), AChE activity of Nile tilapia 
was inhibited by 40% after 48-hour exposure in the study done by Chandrasekara and 
Pathiratne (2007) compare to 70% inhibition after 22-hour exposure in the present study. 
Recovery of AChE activity in Australian catfish to control levels appeared to take more time 
than in mosquito fish as reported by Kavitha and Rao (2008). They recorded that mosquito 
fish required only about 22 days for the total recovery of their AChE activity after exposure to 
297 µg/L of chlopyrifos for 96 hours while data from the experiment 2 in the current study 
revealed that AChE activity of catfish, exposed to 2µg/L of chlopyrifos for 22 hours, was still 
significantly inhibited (30% of inhibition) 6 weeks after transfer to clean water. In addition, 
when expressed as a percentage of control, AChE activity in fish exposed to 2µg/L of 
chlorpyrifos at 2 weeks after prior exposure in experiment 1, and at 6 weeks after prior 
exposure in experiment 2 were about 70%. Therefore, it is possible that AChE activity of the 
exposed fish could not recover to 100% and maximum recovery was limited to 70%. This also 
implies that Australian catfish are very vulnerable to OP toxicant runoff into freshwaters. 
 
In addition to experiment 1, data on AChE activity of fish in experiment 2 shows that 
exposing fish to 10µg/L for 2 hours also significantly inhibited AChE of fish and the resulting 
inhibition remained significant for 6 weeks after transfer into clean water, although the brain 
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AChE of control fish decreased during the experiment. Since all random factors were under 
control and experimental conditions were maintained identical during the experiment, the 
possible reason could be the age of fish, the brain AChE activity of fish could be lower when 
they get older. Because the experiment lasted for 6 weeks, the fish could have got older 
enough to exhibit the difference. 
 
The difference in the effect of the two exposure concentrations on AChE activity (Table 7.4) 
and growth rate (Table 7.6) of fish maybe attributed to the difference in exposure duration 
applied to the two exposure concentrations, being 2 hours for treatment 3 and 22 hours for 
treatment 2. It is clear from this result that exposure to a low concentration for a longer period 
is more detrimental than exposure to a higher concentration for a shorter period.  
 
Data on growth of fish revealed that chlorpyrifos exposure significantly diminished the 
growth performance of the exposed fish. The poor growth of fish could be the effect of AChE 
inhibition as reported in previous studies.  Indeed, Jarvinen and Tanner (1982) concluded that 
the growth of fish was very sensitive when testing the toxicity of Dursban and Dursban10 CR, 
capsulated forms of chlorpyrifos, to fathead minnow, Pimephales promelas. Cleveland and 
Hamilton (1983) found significantly poorer growth of channel catfish, Ictalurus punctatus 
exposed to the defoliant S,S,S-tributyl phosphorotrithioate. Woltering (1984) reviewed that 
the growth of fish was a sensitive measure for sub-lethal toxicity testing of pesticides 
including OP to many fish species. Nagel et al. (1991) concluded that the growth of zebrafish 
was a sensitive response in exposures to 3,4-Dichloroaniline. Most recently, Cong et al. 
(2009) found a significant effect of diazinon exposure on SGR of snakehead fish, Channa 
striata. It must be noted however that the exposure method used in this study was different 
from that used in the previous studies of Nagel (1991) and Cong (2009). Many of the previous 
studies mainly focused on the effects of the toxicant under very stressful conditions, with fish 
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in continuous exposures to pesticides for long periods, such as 4 days in the study by Jarvinen 
and Tanner, (1982) on fathead minnow, 42 days in the study by Nagel et al. (1991) on zebra 
fish, and the 4-day exposures repeated for 4 times in the study by Cong et al. (2009). The 
short pulse exposure applied in this study is a somewhat more accurate simulation of the 
actual pesticide contamination conditions in open aquaculture systems where pesticides are 
sprayed once, contaminated water remains for a short period of time and is subject to water 
exchange. 
 
Explanations for the growth inhibition are diverse. The simplest cause of the reduced growth 
is the low feed intake, resulting in energy deficiencies and lower nutrient accumulation. 
Although low feed intake was observed in the exposed fish during the first two weeks of 
experiment 2, the overall feed intake of fish in treatments was not significantly different from 
that of the control fish. Therefore feed intake is probably not the cause for the impaired 
growth of fish in this study. Another cause of poor growth could be the high energy 
expenditure for physical activities. Since OP toxicants cause hyperactivity (Chandrasekara 
and Pathiratne, 2007; Kavitha and Rao, 2008) energy intake could be utilized for the 
abnormally faster movement and also the adjustment of equilibrium. However, in the present 
study, pesticide exposure was as a pulse, not prolonged and fish were in clean water condition 
for most of the experimental period. Therefore, reduced fish growth could have been caused 
by residual resulting factors including inhibition of the nervous system as reflected in the 
depression of AChE acitivity. Many authors have found that exposing fish to OP pesticides or 
any other neurotoxins caused significant changes in antioxidant system of fish (Kavitha and 
Rao, 2008, Hai et al., 1997), involving alteration of secretions of many enzymes playing 
important roles in metabolism of fish, including catalase, superoxide dismutase, glutathione 
reductase, lipid peroxidase, and also glutathione. In addition, impaired or malfunctioning 
gills, liver and kidneys of fish may reduce metabolism, which in turn diminishes the growth of 
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fish. In fact, some authors have found that pesticide exposure caused physical damage to gills 
(Cengiz and Unlu, 2006; Velmurugan et al., 2007), which may result in less efficient 
respiration. Tripathi et al. (2003) found that lactate content in liver and muscle of the 
freshwater teleost fish Channa punctatus exposed to dimethoate was decreased while the 
pyruvate content in these tissues increased. These changes in the enzyme secretion indicated 
the increase in anaerobic metabolism, causing the insufficient supply of oxygen to fish tissues 
due to respiratory distress. This less efficient metabolism caused by internal hypoxic 
conditions could also be a reason for the poorer growth performance of fish exposed to 
pesticides, including OP toxicants. In a similar explanation, according to Nataranjan (1984), 
OP pesticides caused significant inhibition of the oxidative enzyme succinic dehydrogenase in 
the gill, brain, muscle, liver, and kidney, indicating the depression of cellular metabolism in 
OP pesticide exposed fish, resulting in poor growth of fish.  
 
Chlorpyrifos mainly impaired the growth of Australian catfish during the first 4 weeks after 
exposure, severely in the first 2 weeks (Table 7.6). Although growth of the exposed fish was 
comparable to that of the control fish after 4 weeks of the experiment, their growth at week 4 
was still lower than that of the control fish and was still increasing during the last 2 weeks of 
the experiment. However, since the exposed fish grew very slowly at the beginning of the 
experiment, the overall growth performance of the fish exposed to both concentrations of 
chlorpyrifos was significantly poorer than that of the control fish. The present study also 
revealed that the fish were able to recover since their growth rate was as high as the control 
during the last 2 weeks of the experiment. It is therefore possible that the poor growth 
performance would be compensated and fish recover if the culture conditions were prolonged. 
However, the conditions may be more severe in the natural or open aquaculture environment 
where pesticide contamination exists for longer periods and fluctuates depending on repeated 
use of pesticides in agriculture. 
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In general, the growth charts illustrated the advance in growth of the control fish compared 
with the exposed fish at both concentrations. Indeed, the steadiness of the growth chart of the 
control fish confirms their significantly better growth performance compared with the fish 
exposed to chlorpyrifos. However, the exposed fish recovered their growth rate during the 
experiment. In the first 2 weeks of the experiment, growth rate of exposed fish in both 
concentrations was significantly lower than that of the control fish. In addition, while growth 
rate of the control fish did not change over the course of the experiment, growth rate of the 
exposed fish improved over time. Data in Table 6 illustrated that fish exposed to both 
concentrations grew faster during week 3 and week 4 than in the first 2 weeks and the growth 
rates of the exposed fish were identical to that of the control fish during the last 2 weeks of the 
experiment. 
 
Although there was no significant effect of chlorpyrifos exposure on feed intake of 
experimental fish, FCR and PER were significantly decreased in the exposed fish. FCR 
measures the amount of feed needed to produce a unit weight gain. Since feed intake of fish in 
all treatments was not significantly different while weight gain of the control fish was 
significantly higher than that of the exposed fish, the poor FCR of the exposed fish could be 
attributed to their significantly poorer growth compared to the control fish. Similarly, the 
protein efficiency ratio measures the weight gain of fish per unit of protein intake. Since the 
experimental fish were fed with the same feed and they had similar feed intake, the poorer 
PER of the exposed fish may also be attributed to their poorer growth performance. The poor 
FCR and PER of the exposed fish also suggests that fish exposed to chlorpyrifos utilized food 
and nutrient less efficiently compared to the control fish.  
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As the main organ for detoxification, the liver is the most affected when fish are exposed to 
pesticides (Sancho et al., 1997; Velmurugan et al., 2007). The effects of exposure to 
pesticides on morphology and biochemical properties of the liver in fish have been reported in 
many previous studies (Gill et al., 1990; Gimeno et al., 1994; Sancho et al., 1997; Rao, 2006; 
Velmurugan et al., 2007). In the present study, exposure to chlorpyrifos significantly 
increased the hepatosomatic index (HSI) of catfish, especially after prior exposure to the 
concentration of 10µg/L for 2 hours. Although HSI of fish exposed to 2µg/L chlorpyrifos for 
was not significantly greater than that of the control fish at the end of the experiment, there 
was a trend for an increase in HSI with increase exposed pesticide concentration. This is 
probably a result of the roles of liver in the pesticide detoxification process and the 
enlargement of the liver may well be a result of increased liver activity. This particular effect 
has also been reported by many other researchers. Sancho et al. (1997) found a significantly 
increased HSI in eel exposed to fenitrothion.  Similarly, Gill et al. (1991) found a significant 
elevation of HSI in the freshwater fish B. conchonius after exposure to endosulfan for a 
prolonged period. The same impact was also reported in A. anguilla by Holmberg et al. 
(1972; cited by Sancho et al., 1997) and in the rainbow trout, S. gairdneri by Lidman et al. 
(1976; cited by Gill et al., 1991). Gill et al. (1991) also correlated the enlargement of fish 
liver to the rise of liver protein and total lipid. In addition, the difference in the effects of the 
two exposure treatments indicated that exposing catfish to high concentration of OP pesticide 
for a short period could have a greater effect on the HSI and thus the liver of fish than 
exposing them to a lower concentration for a longer period. 
 
7.5  Conclusions 
 
Brain AChE of Australian catfish is very sensitive to chlorpyrifos exposure and the resulting 
inhibition remains significant for at least 1 week after exposure to a low concentration of 
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0.1µg/L of chlorpyrifos. Exposing catfish to chlorpyrifos at 2µg/L for 22 hour or 10µg/L for 2 
hours significantly impaired growth and nutrient utilization of fish. However, catfish 
demonstrated the ability to recover AChE activity after exposure to concentration as high as 
10µg/L of chlorpyrifos for 2 hours when transferred to clean water. This ability resulted in the 
improvement in growth rate of the fish over time. Results from the present study also revealed 
that, even though exposure to high concentrations of chlorpyrifos resulted in greater 
immediate effects on fish, fish recovered better than in other studies with continuous exposure 
even to lower concentrations. Chlorpyrifos exposure to 10µg/L for 2 hours had greater effect 
on HSI of fish than exposure to 2µg/L for 22 hours. However, the former exposure of short (2 
hour) pulse to the high concentration was less detrimental to the AChE activity and growth of 
fish than the longer (22 hours) exposure to the lower concentration. 
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CHAPTER 8: GENERAL DISCUSSION 
 
This study has clearly demonstrated that different alternative ingredients for FM had different 
effects on growth, feed utilization, and waste production of Australian catfish, Tandanus 
tandanus. Each ingredient resulted in different and typical effects on growth performance and 
P waste output of the fish. The study also drew an overall picture of how a single fish species 
would tolerate a variety of alternative ingredients for fishmeal (FM) in its diet in relation to 
the feeding behaviour, which has not been previously Chapter 3 & 4 showed that soybean 
meal (SBM), canola meal (CM), meat & bone meal (MBM), and wheat gluten (WG) were 
accepted at different dietary inclusion levels in diets for Australian catfish, i.e. 15, 20, 30, and 
10% FM replacement, respectively. The fish appeared to tolerate dietary MBM at a higher 
replacement level than FM replacement with plant ingredients, although dietary MBM had a 
negative impact on P waste of the fish. SBM and CM also negatively affected growth 
performance but had opposing effects on waste production of catfish. SBM and WG tended to 
reduce P waste of the fish.  
 
Results in Chapter 5 showed significant positive effects of dietary phytase and nutrient 
supplements (AAs and inorganic P) on growth performance and waste production of fish 
when they were added to SBM diets at higher levels of inclusion (30 and 45% FM 
replacement). Results proved the favourable effects of dietary SBM on performance of catfish 
as its high dietary inclusion yielded an optimal growth and minimized the waste output of the 
fish. In Chapter 6, it was demonstrated that phytase and nutrient supplements in CM diets 
appeared insufficient to improve growth performance and feed utilization of catfish and high 
inclusions (30 and 45%) of CM significantly increased P waste of fish. This suggests that, 
apart from phytase and the selected nutrient supplements, additional treatment may be needed 
when using CM as FM replacer. Results in Chapter 6 confirmed the negative effect of dietary 
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CM on P waste of the fish. Besides the effects of alternative ingredients for FM on waste 
production of fish, this study also demonstrated the impacts of OP pesticides on growth 
performance, feed utilization, and waste production of catfish.  
 
Chapter 7 showed that short term pulse exposure to chlorpyrifos at concentrations of 2 and 
10µg/L significantly impaired the growth and feed utilization of the fish in the first four 
weeks following exposure. However, the growth of fish recovered during the 6-week growth 
experiment. The recovery of fish could also be correlated with the recovery of the brain AChE 
of the fish. Exposure to chlorpyrifos also caused a relative increase in the size of liver to body 
weight of fish, indicating the increased liver activity related to detoxification of the pesticide.  
 
8.1  Alternative ingredients and their effects on Australian catfish 
 
Besides the individual nutritional properties, SBM and CM have many similar characteristics, 
including the types of anti-nutrients (phytic acids), and the imbalance in their sulphur 
indispensable AAs (lysine and methionine). Untreated SBM and CM were accepted at only 
limited levels in diets by the Australian catfish. Indeed, only 15% or 20% of fishmeal could 
be replaced with SBM or CM in diets for the fish, respectively. A wide range (20 – 75%) of 
acceptable inclusion levels of SBM has been reported in previous studies (El-Sayed and 
Tacon, 1997, Kikuchi, 1999, Chou et al., 2004, Wang et al., 2006b, Hansen et al., 2007, 
Hernandez et al., 2007, Pham et al., 2007). The high variation was usually attributed to the 
biological differences of species and the nutritional differences of different types of SBM 
used in those studies. Similarly, the acceptable inclusion levels of CM were highly varied and 
in the range of 24 – 75% of dietary fishmeal, which was also dependent on species and types 
of CM used (Higgs et al., 1983, Davies et al., 1990, Lim et al., 1997, Webster et al., 1997, 
Satoh et al., 1998, Drew, 2004, Glencross et al., 2004, Thiessen et al., 2004). CM appeared to 
have the worst effects on feed and nutrient utilization of catfish in the current study since 
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significantly poorer FCR and ANPU were observed in fish fed with the 10% FM replacement 
diet. This confirms that CM has poor nutritional properties, resulting in poor digestibility and 
leading to poor feed and protein utilization by the fish. As a result, a high N waste was 
estimated in fish when only 10% FM protein was replaced with CM. A significant negative 
impact of SBM on FCR and ANPU of catfish was only observed when 45% or more dietary 
FM was replaced. This indicated the better digestibility of SBM protein for catfish and thus 
lower effects on N waste of the fish was observed when SBM was included in diets at lower 
levels of N waste. N waste was only significantly higher at the inclusion level of 45% FM 
protein replacement with SBM. 
 
The present study showed that P retention efficiency of catfish was significantly and 
differently influenced when FM was replaced with SBM or CM. SBM significantly increased 
P efficiency ratio (PhER) of Australian catfish, especially at higher levels of inclusion. 
Dietary SBM did not have significant effects on the PhER of the fish at the inclusion of 30% 
FM protein replacement, but significantly increased PhER of fish when 45% of dietary FM 
protein was replaced. Conversely, dietary CM significantly impaired PhER of fish at high 
levels of inclusion (30 and 45% FM replacement). The results on direct measurements of 
daily total P and ortho P waste of fish revealed that inclusion of SBM at 30% FM replacement 
did not affect the total P waste of catfish while at 45% FM replacement dietary SBM 
significantly reduced total P waste of fish. Replacing 30% FM protein with CM significantly 
increased the daily total P waste of the fish. The distinction could be attributed to the high P 
and phytate content of CM, being 14.4 and 42.6 g/kg, compared to those of SBM, which is 
8.7 and 19.0 g/kg, respectively. However, both SBM and CM significantly reduced the daily 
ortho P waste of fish. This could be due to the lower P content of SBM and CM since much of 
it is bound with phytate, which results in a lower release of ortho P waste of fish. While CM 
and SBM appeared to have similar effect on growth of catfish, SBM had positive effects 
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while CM had detrimental effects on total P waste of the fish, clearly demonstrating that 
different plant based protein had different effects on a species. 
 
WG was the least acceptable ingredient among the four substitutes tested since only 10% of 
fishmeal protein could be replaced with WG in the diet for catfish with no negative impacts 
on growth of fish. In addition, dietary WG significantly impaired feed and protein utilization 
of fish at the inclusion level of 20% FM protein replacement, resulting in a significantly 
higher estimated N waste of fish on this diet. However, results from the present study showed 
very favourable effects of dietary WG on P waste production of catfish. Inclusion of WG at 
30% FM replacement significantly reduced the estimated P waste of fish. This is generally in 
agreement with the results of Rodehutscord et al. (1994) and Skonberg et al. (1998) who 
recommended the use of WG in diets for fish in order to reduce P waste. Direct measurements 
on the daily ortho P and total P waste of fish fed with WG diets also demonstrated that both 
ortho P and total P waste of fish was significantly low in fish fed with WG diet as 30% FM 
replacement. This positive effect could be attributed to the low P content of WG. Therefore, 
though WG was not a good alternative for FM in the diet of Australian catfish in terms of 
growth performance, it yielded positive results with respect to environmental quality. WG 
should be considered for use at a level that has an acceptable negative impact on growth 
performance, since this could be compensated for by its positive effect on the environment. 
 
When used raw, MBM was found to have the best potential as a substitute for FM in diets for 
the Australian catfish since 30% of FM protein was replaceable without any negative effect 
on the growth and feed utilization of the fish. Although some previous studies reported higher 
inclusions of MBM in diets of aquaculture species (Bharadwaj et al., 2002, Ai et al., 2006), 
30% FM replacement is in the common range of acceptable MBM inclusion in diets of many 
other species, such as gilthead seabream, Sparus aurata (Robaina et al., 1997); rainbow trout, 
O. mykiss (Bureau et al., 2000); red drum, Sciaenops ocellatus (Kureshy et al., 2000); and 
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cuneate drum, Nibea miichthioides (Wang et al., 2006a). The effect of dietary MBM on feed 
utilization was similar to the effects on growth performance of the fish. FCR and PER of fish 
was only significantly impaired when 45% or more FM protein was replaced with MBM. The 
high protein utilization of catfish on MBM diets could be an explanation for the lack of effect 
of dietary MBM on N waste of the fish, which was only significantly elevated when 45% FM 
protein was replaced. Although the negative effects of dietary MBM on FCR and PER of fish 
have been previously reported (Yang et al., 2004a, Zhang et al., 2006), the current study 
demonstrated that MBM, an animal protein source, had detrimental effects on the growth 
performance of catfish at a higher inclusion level compared with other ingredients, which 
were plant sources. The different acceptable levels of the selected ingredients may be related 
to the feeding behaviour of Australian catfish, since it is a bottom feeding carnivorous 
species. The detailed analysis of the relationship is discussed in the latter section of this 
chapter, which will draw an overall picture of how feeding behaviour of a species could 
define the suitability of alternative ingredients in its diet. 
 
Dietary MBM had detrimental effects on waste output of fish. Indeed, inclusion of MBM at 
30% FM replacement resulted in a significant increase in the estimated P waste of catfish 
compared to that of fish on the control diet. This negative impact of MBM on P waste of fish 
is in line with the findings by Zhang et al. (2006) and Hua et al. (2005). These authors 
implicated high ash content in MBM for the high P waste of fish since it contains high 
amounts of bone P which is a less digestible form of P for fish. However, results from the 
analysis of water revealed a slight difference in the effects of MBM on P waste of fish. 
Dietary inclusion of MBM at 60% FM replacement resulted in significantly higher daily ortho 
P waste of catfish but daily total P waste was significantly high at an MBM inclusion of 45% 
FM protein. This shows that a high inclusion of MBM in diets for Australian catfish may 
cause greater effects on total P waste than on ortho P waste of the fish. However, with high 
bone P content in MBM, the total P waste of fish fed with MBM diets may have a limited 
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immediate impact on the environment. Since most of P content in MBM is bone P, the 
majority of P waste may also be bone P which is unavailable to other organisms (Cho & 
Bureau, 2001), particularly algae which have been implicated in water pollution resulting 
from algal blooms. Dietary MBM may not cause environmental pollution in the intermediate 
term, however there may be negative impacts in the longer term, when bone P undergoes 
natural decomposition and becomes more available to organisms. 
 
Results from the present study also clearly demonstrated that inclusion of different alternative 
ingredients affected P waste of catfish.  All of the alternatives also increased the estimated N 
waste of fish but the trend was different to that of the effect on P waste, with each ingredient 
having significant effects on N waste of fish at different inclusion levels. While replacing 
45% FM protein with SBM or MBM caused significantly higher N waste, dietary CM or WG 
increased N waste of fish at inclusion levels as low as 10% or 20% FM protein replacement 
respectively. The differences implicated the variation in protein quality of the ingredients and 
confirm that SBM and MBM were better utilized by catfish. 
 
8.2  Significance of phytase in catfish diets with SBM or CM as FM substitutes 
 
Addition of phytase at the dose of 3000 FTU/kg into diets containing SBM at a previously 
unacceptable level of 30% FM replacement significantly improved the growth of fish and 
increased the acceptable inclusion levels of the ingredient in diets of the fish. However, 
inclusion of phytase at the dose of 1000 – 3000 FTU/kg did not yield similar results in the 
case of CM. Significant improvements in growth performance of many fish species when 
phytase was added into SBM diets have been commonly found in previous studies, including 
that of Storebakken et al. (1998) on SBM diets for Atlantic salmon, Salmo salar, Liebert and 
Portz (2005) on SBM for Nile tilapia, O. niloticus; and Biswas et al. (2007) on SBM for 
seabream, Pagrus major. Conversely, addition of phytase into CM diets was reported to have 
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no significant effects on growth of Atlantic salmon, Salmo salar by Sajjadi and Carter (2004), 
which was also in line with the results from the present study. The differences in the effects of 
the two ingredients may be attributed to the differences in their anti-nutrient content. Besides 
phytic acid, glucosinolates are the typical anti-nutrient in CM (Higgs et al., 1982, Higgs et al., 
1995) and have been proven to negatively affect the growth of many fish species (Mawson et 
al., 1994, Burel et al., 2001, Francis et al., 2001). Therefore, the addition of phytase only may 
not be sufficient to inactivate all the anti-nutrients in CM and thus did not improve the growth 
of the experimental fish. 
 
While dietary SBM negatively affected FCR and PER of catfish at both inclusion levels of 30 
and 45% FM protein replacement, the effects of dietary phytase were different at different 
levels of inclusion. Feed and protein utilization efficiency of the fish was significantly 
improved with the addition of dietary phytase when SBM was used at 45% FM protein 
replacement. This positive effect of dietary phytase on SBM protein utilization of the fish is in 
agreement with previous studies by Liebert & Portz (2007) and Yoo et al.  (2005). FCR of the 
fish was significantly improved when phytase was added into diets containing SBM as 45% 
fishmeal protein replacement, regardless of the presence of limiting AAs. The effects of 
phytase on the use of CM were different. At the inclusion level of 30% FM protein 
replacement, adding phytase at 1000 FTU/kg only marginally improved FCR and PER of 
catfish but adding phytase impaired feed and protein utilization of the fish at higher CM 
inclusion level. With inclusion of CM at 45% FM replacement, neither phytase nor a 
combination of phytase and AAs significantly improved the FCR and PER of fish. This could 
be attributed to the effects of the glucosinolates content of the meal. These glucosinolates 
were however not evaluated in the present study and need to be further investigated in order 
to draw better conclusions on the use of CM in diets for Australian catfish. 
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The effects of dietary phytase on protein utilization efficiency of fish could be related to the 
estimated N waste of fish. At 30% FM protein replacement, since only a marginal 
improvement in PER of fish was observed when phytase was added into SBM or CM diets, 
there was no significant reduction in N waste of fish fed with these diets compared to those on 
non-phytase diets. At the inclusion of 45% FM protein replacement, the significantly lower N 
waste of fish fed with phytase supplemented SBM diet could be a result of the significant 
improvement in PER of the fish. This therefore suggests that better protein utilization could 
result in a lower N waste of fish. In addition, it was apparent that the effects of dietary phytase 
were different when SBM or CM was used at different inclusion levels.   
 
In addition to the beneficial effects on fish growth, inclusion of phytase into SBM diets 
significantly improved P efficiency ratio (PhER) and reduced P waste production of fish.  
Indeed, PhER of fish was significantly improved when phytase was added into SBM diets at 
both 30 and 45% FM replacement. However, the opposite was observed for the effects of 
phytase in CM diets. While PhER of fish was significantly lowered when fed with CM diets at 
the inclusions of 30% and 45% FM replacement, the use of phytase also did not improve the P 
utilization of fish at both inclusion levels. The different effects of phytase on SBM and CM 
diets on PhER of fish could also be related to the effects on ortho P and total P waste of fish. 
Inclusion of phytase in SBM diets significantly lowered the total P waste though ortho P 
waste of fish was not affected. The reduction of total P waste by the use of phytase may 
indicate the improvement in P utilization of fish. Use of phytase in CM diets did not have 
significant effects on either ortho or total P waste of fish, which remained similar to those on 
non-phytase CM diets. This again showed that SBM had more advantages over CM as a 
potential alternative for FM in diets of Australian catfish. 
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8.3  Significance of nutrient supplements in catfish diets with SBM or CM as FM 
replacement 
 
At 45% fishmeal replacement, supplementation of phytase at the dose of 3000 FTU/kg or 
1000 FTU/kg feed to SBM or CM diets, respectively, did not improve the growth of fish. 
However, the growth of fish fed with SBM diets was significantly improved when both 
phytase and limiting AAs were supplemented. This demonstrated the significant roles of 
dietary methionine and lysine in fish growth performance since there is an imbalance of these 
AAs in SBM and CM (Tibaldi et al., 2006, Gatlin III et al., 2007, Hansen et al., 2007, 
Hernandez et al., 2007, Pham et al., 2007). In addition, the significant effects of dietary free 
AAs have also been commonly reported, especially when alternative protein sources are used 
to replace fishmeal in diets for aquaculture species (Floreto et al., 2000, Nang Thu et al., 
2007, Hu et al., 2008).  
 
Combination of phytase and limiting AAs resulted in no improvement in the growth 
performance of catfish when CM was used at 45% FM replacement. This suggested that when 
a large amount of FM was replaced by CM, there could be some other anti-nutritional factors 
besides phytic acid and AA imbalance that impaired the growth of fish. This supports the 
assumption that glucosinolates play important roles in the effects of dietary CM on the growth 
of catfish (Chapter 6). Therefore, without treatments to eliminate the negative effects of 
glucosinolates, CM could only be used to replace 30% of dietary fishmeal protein with the 
inclusion of phytase. However, the full potential of CM needs to be further investigated with 
the application of heat treatment, since this has been proven to significantly reduce the content 
of glucosinolates in CM (Burel et al., 2000, Francis et al., 2001), and thus may increase the 
acceptable inclusion level of CM in diets for Australian catfish. 
 
The use of phytase and other nutrient supplements had different effects on feed and nutrient 
utilization of catfish. Supplementation of phytase in combination with limiting AAs into SBM 
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diets at 45% FM replacement significantly improved FCR and PER of catfish. Adding 
phytase and limiting AAs could improve the availability of dietary protein and therefore 
increase protein utilization, resulting in lower N waste of fish. Better protein digestibility of 
phytase supplemented diets has been reported for many species (Storebakken et al., 1998, 
Biswas et al., 2007, Liebert and Portz, 2007). However, the nutrient supplements did not 
improve feed and protein utilization of fish fed with CM diets. Addition of both phytase and 
AAs into CM diets did not improve FCR or enhance ANPU and PER of the fish. As a result, 
the estimated N waste of fish was not significantly reduced. 
 
PhER of catfish was significantly improved when both phytase and AAs were added into 
SBM diets at or inclusion level of 45% FM replacement. While phytase and AAs did not 
improve growth performance of catfish, this combination of dietary supplements in CM diet 
significantly increased PhER of the fish compared to that of fish on diets with no nutrient 
supplements. The different effect of phytase and AAs combination in SBM and CM on PhER 
of catfish could also correspond to the effects on ortho and total P waste of the fish. Indeed, 
phytase and AAs combination in SBM diet as 45% FM replacement did not affect P waste 
production of fish. The ortho and total P of fish on phytase-AAs diets remained similar to 
those of fish on non-nutrient supplemented SBM diets, which were significantly lower than 
those of the control fish. In 45% CM diets, phytase and AAs did not affect total P waste of 
fish which was higher compared to the control. In addition, this treatment did not improve the 
growth performance of fish. The beneficial effects of phytase and AAs in combination on 
growth and its favourable effects on P waste production of fish of SBM diets demonstrated 
again that SBM has great potential as a replacement for FM in diets for catfish. Conversely, 
the effects of dietary supplements to CM diets showed that CM could not be used to replace 
45% FM protein in diet of catfish without any other treatment probably as a result of the 
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glucosinolates inhibiting any positive effects of all other nutrient supplements on growth 
performance of the fish. 
Adding both inorganic P and limiting AAs resulted in a significant increase in the growth of 
the fish when either SBM or CM was used as 45% FM replacement. Catfish on SBM and CM 
diets supplemented with both inorganic P and AAs had significantly better growth 
performance compared to that of fish fed with all other diets, including the control. This 
suggests the significant effects of dietary available P on the growth of fish, which is in 
agreement with previous studies (Coloso et al., 2003a, Nwanna and Schwarz, 2007). 
However, the P utilization efficiency and P waste of fish must be considered as the present 
study indicated that supplementation of both P and AAs led to poor P utilization efficiency 
and high P waste of fish.  The positive effects of P supplemented diets on feed utilization of 
fish could be mainly due to the availability of dietary P, as dietary P concentration has been 
reported to improve FCR of many fish species (Coloso et al., 2003a, Nwanna and Schwarz, 
2007). However, the P utilization efficiency of fish must be considered when inorganic P is 
supplemented in diets, since P waste was increased. 
 
Supplementation of both inorganic P and limiting AAs together also significantly lowered the 
P utilization efficiency of catfish fed with either SBM or CM diets. This is mainly due to the 
elevation of dietary available P in the P supplemented diets. The low P utilization efficiency 
of fish fed with high dietary P diets has been commonly reported in the literature (Cheng et 
al., 2003, Satoh et al., 2003, Hernandez et al., 2004, Cao et al., 2008). Therefore, the 
supplementation of P into diets should be carefully considered since there may be a negative 
impact on the environment though it enhances the growth of fish. Results from the daily P 
waste of fish also confirmed the poor P utilization of fish fed with P supplemented diets. 
Indeed, addition of both inorganic P and limiting AAs into diets containing either SBM or 
CM at 45% FM protein replacement significantly increased both ortho and total P waste of 
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catfish. This type of effect was usually attributed to the highly available P content of the diets 
(Cho and Bureau, 2001, Green et al., 2002, Coloso et al., 2003b, Satoh et al., 2003, 
Hernandez et al., 2004). Although adding both inorganic P and limiting AAs significantly 
improved the growth of fish, the negative impacts on P waste should be taken into 
consideration for practical application. Further, the use of inorganic P may not be a cost 
effective practice as the cost of the inorganic P may increase the cost of the diet, which is 
another disadvantage of this practice. In addition, supplementation of inorganic P alone also 
significantly increased P waste from fish. This confirms that dietary inorganic P is the main 
cause for the high P waste of fish fed with the diets supplemented with both AAs and 
inorganic P. Therefore, addition of inorganic P into diets in order to improve the growth of 
fish is not recommended for environmentally friendly or sustainable aquaculture operations. 
8.4  FM replacement in diets in relation to the dietary habit of T. tandanus 
8.4.1 Alternative ingredients in diets for Australian catfish, a bottom feeding carnivore 
 
Results from the current study on the use of SBM, CM, WG, and MBM as FM substitutes in 
diets of catfish supported the overall observation of variable results on the use of alternative 
ingredients for FM in diets for different species. In addition, it was also indicated in this study 
that single species would tolerate different alternative ingredients at different levels of dietary 
inclusion. For example, MBM was accepted at a higher inclusion level in the diet for T. 
tandanus compared to the three other alternatives tested which were all plant proteins. 
Comparing the results of the current study with the literature on the replacement of FM in 
diets of different fish species suggests that the acceptability of different ingredients could be 
related to the feeding behaviour of the species. Plant proteins appeared more suitable for 
herbivores or omnivores while carnivores are likely to utilize animal proteins better than plant 
proteins. For instance, a high acceptable inclusion of SBM was reported in diets for 
omnivorous fish species, i.e. tilapia could tolerate 67 – 100% of dietary protein from SBM 
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(El-Sayed and Tacon, 1997); upto 70% dietary SBM protein was acceptable in the diet for 
blue catfish, Ictalurus furcatus (Webster et al., 1995); and 60% of dietary SBM was 
acceptable for sharpsnout seabream, Diplodus puntazzo (Hernandez et al., 2007). Conversely, 
only a limited proportion of FM was replaceable in diets for carnivorous fish. Tantikitti et al. 
(2005) found that only 10% of FM could be replaced by SBM for Asian seabass, Lates 
calcarifer. Similarly, Boonyaratpalin et al. (1998) reported that only 15% of FM protein could 
be replaced by solvent-extracted SBM in diets for Barramundi, Lates calcarifer. Cuneate 
drum, Nibea miichthioides accepted SBM as the replacement of only 20% of FM protein 
(Wang et al., 2006b). On the other hand, MBM was accepted at high inclusion levels by 
carnivorous fish. For instance, at least 40% dietary FM protein was replaceable with MBM in 
diets of gilthead seabream, Sparus aurata (Robaina et al., 1997). Inclusion of MBM at 45% 
FM replacement in diet of large yellow croaker, Pseudosciaene crocea, did not affect the 
growth performance of the fish (Ai et al., 2006). MBM was also used in diets of freshwater 
prawn, Macrobrachium nipponense at 50% of FM protein replacement (Yang et al., 2004b). 
Therefore, it is clear that animal proteins are tolerated by many carnivorous fish while only a 
limited level of plant protein has ever been reported as acceptable by any other carnivorous 
species. There is no information on the use of different sources of protein on the same species 
except in the current study which used both plant and animal proteins as substitutes for FM in 
diets for a single species. This study has therefore enabled a comprehensive insight into how 
the use of alternative ingredients could be related to the feeding behaviour of a species.  
The Australian catfish is a sluggish carnivore feeding mainly on the bottom and it is capable 
of being an active and powerful predator (Davis, 1977b). It has also been classified as an 
opportunistic carnivore capable of exploiting a wide range of food sources, from open 
foraging for large active prey to 'grubbing' in the substrate for minute insect larvae (Davis, 
1977b, Clunie and Koehn, 2001). The limited acceptable inclusion level of untreated SBM 
(15%), CM (20%), and WG (10%) in diets by the catfish confirmed that plant proteins could 
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be used at only a limited level in diets for carnivores. In addition, the acceptable level of 
MBM at 30% FM replacement supports the observation that animal protein sources are more 
acceptable in diets for carnivorous fish. However, this study clearly demonstrated that the use 
of phytase and nutrient supplement could improve the use of plant proteins in the diet for this 
carnivorous species. Indeed, 45% FM protein could be replaced in catfish diet with no 
negative effect on the performance of the fish when phytase, lysine and methionine were 
added. In addition, the use of SBM in the diet of catfish improved P utilization and reduced P 
waste of the fish, demonstrating the advantage of SBM over MBM with respect to the 
environment. Therefore, raw plant proteins may be poorly accepted by carnivorous fish but 
could serve as a better alternative for FM compared to MBM in diets for this group of fish 
when the appropriate treatment is applied. 
8.4.2 Cost savings using different alternatives for FM in diet of catfish 
 
In addition to the effects on growth and waste production of fish, the use of alternative 
ingredients for FM in fish diets also alters their cost. In most cases, the use of alternative 
ingredients helps reduce protein cost due to their lower prices compared to FM. Table 8.1 
calculates the cost of protein in FM replacement diets with different alternative ingredients in 
comparison to protein cost of FM only diets based on the current prices and the acceptable 
inclusion levels of the selected ingredients. 
 
Data in Table 8.1 demonstrates that using SBM to replace 45% FM protein in diet for catfish 
reduces about 32% protein cost and results in the lowest protein cost of the diet.  This is an 
added advantage to the demonstrated value of SBM in supporting optimal growth and 
minimizing P waste production of catfish at the selected inclusion levels. Therefore, SBM 
could be the best alternative for FM in the diet for catfish though the fish is carnivorous and 
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appeared to prefer raw MBM over SBM. Using CM at 30% FM replacement also reduced the 
protein cost by 23% compared to the FM only diet. At 45% FM replacement, the protein cost 
of CM diet would even be lower than that of SM at the same inclusion level and would save 
about 34% of the protein cost. However, due to the negative impacts of dietary CM on 
performance of catfish at 45% FM replacement, CM could only be accepted at 30% FM 
replacement which saves about 23% of the protein cost. However, additional cost of phytase 
and AA supplements should be taken into consideration before producing commercial diet. 
Since the price of MBM was the highest among the selected alternative ingredients, the use of 
MBM at 30% FM replacement resulted in the most expensive replacement diet though it was 
still about 18% cheaper than the FM only diet. As MBM supported good growth of catfish, 
higher inclusion of MBM (45% FM replacement) could be achieved if additional treatments 
are applied. In addition, replacing 45% could further reduce the protein cost of the 
replacement diets. However, since 45% FM replacement with MBM had negative effects on P 
waste production of fish the use of higher a level must be carefully considered with respect to 
the environmental cost. As an emanation of Table 8.1, Table 8.2 recommends some diet 
formulations for Australian catfish, each of which either optimises the growth of fish, or 
minimises the environmental impact, or has the least protein cost.   
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Table 8.1 Price of selected ingredients and economies of alternative proteins for FM in diets for Australian catfish 
 
Ingredients  
Value 
FM SBM CM MBM 
 Price (USD/tonne) 1,692.0 (1) 345.5 (1) 226.3 (2) 530.0 (3) 
Crude protein (%) 65.0 (1) 45.0 (1) 35.0 (2) 52.0 (3) 
Protein price (USD/tonne protein) 2603.1 767.8 646.6 1019.2 
Acceptable inclusion (% FM protein) 100 45 30 45 30 45 
Protein cost of FM replacement diet (USD/tonne) 2603.1 1777.2 2016.1 1722.7 2127.9 1890.4 
Saving of protein cost as % of cost of FM protein 0 31.7 22.6 33.8 18.3 27.4 
Source: (1) www.indexmundi.com 
  (2) www.canola-council.org 
  (3) MLA (2009) 
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Table 8. 2 Some recommended diet formulations for Australian catfish with respect to growth, 
environmental impacts, and protein cost 
Formulation target Ingredients 
(g/kg as is 
basis) Optimal 
growth 
Minimum environmental 
impact 
Least protein 
cost 
FM 275.0 425.0 275.0 
Wheat flour 284.4 371.9 307.2 
SBM 325.6 106.3 - 
MBM - - 306.8 
Fish oil 30.0 31.8 51.0 
Cellulose 30.4 - 15.0 
Mineral 5.0 20.0 20.0 
Vitamine 10.0 10.0 10.0 
Phytase(a) 0.6 - - 
L-Lysine-HCl 5.0 - - 
L-Methionine 4.0 - - 
Na2HPO4 0.0 - - 
CMC 30.0 35.0 30.0 
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8.5  The effects of a pesticide on growth and feed utilization of the Australian catfish 
 
Exposing catfish to chlorpyrifos at the concentrations of 2µg/L for 22 hours or 10µg/L for 2 
hours significantly impaired the growth performance of the fish during 6 weeks after 
exposure. Although the growth of the exposed fish recovered over the 6-week experiment, the 
final weight, and the overall SGR of the exposed fish were significantly poorer than that of 
the non-exposed fish. Significantly impaired growth of fish exposed to pesticides has been 
previously reported (Jarvinen and Tanner 1982; Cleveland and Hamilton 1983; Woltering 
1984; Cong et al. 2009) although these studies aimed to use the growth response as an 
indicator for pesticide contamination. The impaired growth of fish was usually attributed to 
the detrimental effects of the pesticides on the respiratory system as well as the mode of 
metabolism in fish. Evidence from many previous studies revealed that under the stress of 
pesticide exposure, fish tended to switch to anaerobic metabolism (Nataranjan 1984; Tripathi 
et al. 2003), which is a less efficient mode of metabolism in animals, caused by the 
insufficient supply of oxygen to fish tissues due to respiratory distress. Therefore, the ultimate 
effect of pesticide exposure is poor growth performance due to the less efficient mode of 
metabolism. In the present study, however, catfish recovered both brain AChE activity and 
growth after transfer to clean water. There is clearly a link between the recovery of the brain 
enzyme and the recovery of the growth of fish. In addition, the present study also revealed 
that fish recovery is improved when prior exposure was at a high concentration of 
chlorpyrifos for a shorter time than when prior exposure was to a low concentration for a 
longer period.  
 
Feed and nutrient utilization efficiencies of fish were also affected by exposure to 
chlorpyrifos. The FCR and PER of fish were significantly poorer in the fish exposed to 
chlorpyrifos at both concentrations and there was no significant difference in FCR and PER 
between fish exposed to the 2 concentrations. Exposure to chlorpyrifos significantly increased 
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the hepatosomatic index of fish regardless of the concentration or time of exposure. A similar 
effect on liver has been reported in many fish species exposed to different types of pesticide, 
i.e. European eel, Anguilla anguilla exposed to fenitrothion (Sancho et al., 1997); freshwater 
fish, B. conchonius exposed to endosulfan (Gill et al., 1991); A. anguilla exposed to 
pentachlorophenol (Holmberg et al. 1972; cited by Sancho et al. 1997); and rainbow trout, S. 
gairdneri exposed to polychlorinated biphenyls (Lidman et al. 1976; cited by Gill et al. 1991). 
The increase of HSI of catfish indicates that fish exposed to pesticides have a significantly 
bigger liver relative to their body weight compared to the unexposed fish. This suggests an 
increase in liver activity for the detoxification of the pesticide. 
8.6  Conclusion 
 
The present study has clearly demonstrated that SBM is the best alternative for FM in diets of 
T. tandanus when compared with CM, WG and MBM. This was based on a range of factors, 
including growth performance, feed and protein efficiency, P utilization efficiency, N and P 
waste production of fish, as well as the reduction in protein cost of the SBM diet. SBM also 
demonstrated advantages over other alternatives in supporting good growth, high N and P 
utilization efficiency, lower P waste production (both ortho and total forms), and lower 
protein cost of FM replacement, which are all important for the formulation of an 
environmentally friendly diet for sustainable aquaculture operations. However, since fish used 
in the study was juvenile and yearling fish (<100g), the rates of inclusion reported in this 
study may not be relevant for fish of larger size. Therefore, further trials may be essential, 
taking size of fish and culture conditions into considerations in order to ensure experimental 
results are practically applicable in the particular culture period. 
 
The results from this study also revealed the potential for expansion of Australin catfish 
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aquaculture with the use of alternative feed ingredients to mitigate the environmental impacts 
of the industry. In addition, the use of the selected alternative ingredients should also be 
trialed on other farmed fish for the development of more environmentally friendly diets, and 
for a more sustainable future for aquaculture.  
 
This study has also demonstrated that it is vital to consider the effects of short term pulse 
exposure to pesticides in open aquaculture systems since they could significantly alter feed 
and nutrient utilization efficiency in addition to the negative effect on growth performance of 
fish. Prior exposure to high concentration of pesticide for a short period also significantly 
increased the liver weight relative to body weight indicating increase in liver activity of fish. 
It is clear that although fish could recover their growth rate and brain AChE activity after 
transfer to clean water, overall growth was still significantly lower in fish exposed to a short 
pulse of pesticide than in control, for 6 weeks after transfer to clean water, which would have 
impact on yield in aquaculture.  
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APPENDIX 1 
KJELDAHL PROTEIN ANALYSIS PROCEDURE 
 
Digestion: 
- Weigh 0.2 – 0.5 g sample into digestion flask 
- Adding 1 tablet of Missouri catalyst and few zinc granules 
- Carefully add 20mL H2SO4 98% 
- Start heating gently until frothing cease 
- Continue heating vigorously in 2 hours 
- Cool the digest to room temperature in a fume hood 
 
Distillation  
- Dilute the digested sample to 100mL with distilled water 
- Transfer 25mL of the diluted digests to distillation flasks 
- Slowly add 15mL of NaOH 40% to neutralize the digest 
- Add few zinc granules 
- Immediately connect the flask to a Gerhardt traditional distillation apparatus and distil 
to get 25mL distillate into receiving Erlenmeyer containing 25mL boric acid 2% 
- Titrate the distillate with H2SO4 0.05M to determine the crude protein concentration 
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SOXHLET SOLVENT EXTRACTION FOR FAT ANALYSIS 
 
- Weigh about 1-2 g sample into a tared extraction thimble 
- Put the thimble into the extraction chamber 
- Add 100 – 120 petroleum ether to the boiling flask 
- Slowly add 25mL of petroleum ether to the extraction chamber 
- Connect the extraction chamber to the condenser and the boiling flask 
- Extract the sample for 3 hours 
- Transfer the solvent into a tared Erlenmeyer  
- Evaporate the solvent in fume hood until most of petroleum ether is evaporated 
- Dry the fat sample in an oven at 75oC overnight 
- Weigh the Erlenmeyer with fat sample 
- Calculate fat content as percentage weight of sample  
 
ASH ANALYSIS USING MUFFLE FURNACE 
 
- Weigh about 1 - 2g samples into a tared pre-ashed crucible 
- Place the samples into a cold muffle furnace and raise the temperature to 550oC 
- Keep burning the samples at 550oC in 16 hours 
- Carefully take the samples out and cool to room temperature in a desiccator 
- Weigh and calculate ash content as percentage weight of the sample 
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APPENDIX 2  
ANALYTICAL PROCEDURE FOR PHYTASE ACTIVITY  
IN EXPERIMENTAL DIETS 
 
Reagents 
 
Na-phytate solution: 
Dissolve 1.722 g of Na-phytate in 180 ml of H20 and 820 ml of 0.25 M acetate buffer, pH 5.5 
Trichloro-acetic acid (TCA) 10%: As bought 
S&S (Schleicher & Schuell, Dassel) 589 filter paper: use 1µm filter paper 
 
Colour reagent  
Solution A: 15 g of ammonium heptamolybdate.4H20, 55 ml of concentrated sulphuric acid 
and H20 to 1 litre  
Solution B: 27 g of FeSO4.7H20, a few drops of concentrated sulphuric acid and H20 to make 
250 mL 
Mix FOUR parts of Solution A and ONE part of Solution B to make colour reagent 
 
P standard solutions 
Prepare 1mol P/L stock solution and prepare standard solution as follows: 
 
Concentration of standard (µmol P/ml) mL of stock solution in 1 litter 
0 0 
10 10 
20 20 
30 30 
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Procedure 
- Grind samples and weigh 200 mg (or 100 mg for phytase-rich feedstuffs) in 50 ml 
volumetric flasks 
- Fill to the mark with Na-phytate solution 
- Shaking for 15 mins and placed in a water bath at 37°C. 
- After 10 min incubation, take 2 ml portion of the incubate and transfer to a test tube 
containing 2 ml of 10% trichloro-acetic acid (TCA)  
- After another 60 min, take another 2 ml portion of the incubate and transfer to a test 
tube containing 2 ml of 10% trichloro-acetic acid (TCA) 
- Filter the content of the tubes through <2µm filter paper 
- Transfer 1 ml of the filtrate to a cuvette, together with 1 ml of a freshly prepared 
colour reagent 
- Read the absorbance of the 60min sample against 10min sample at 700nm wavelength 
in a Varian Cary50Bio UV Visible Spectrophotometer. 
 
Calculation 
Phytase units/kg = (P× 1000)/( W× 60) 
Where: 
- P is micromoles of P liberated by phytase in 60 min,  
- W is sample weight (g) 
- 60 is the incubation time taken into account (i.e. 70 minus 10 min) 
 
When the phytase unit is defined as that amount of phytase activity which liberates inorganic 
phosphorus from a 0.0015 M Na-phytate solution, at a rate of 1µmol/min at pH 5.5 and 37°C 
(Eeckhout, De Paepe, 1994) 
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APPENDIX 3 
 
 
DETERMINATION OF ACETYLCHOLINESTERASE ACTIVITY 
 
 
Preparation of samples 
 
 
? Fish were euthanized with AQUIS 
? Immediately placed on ice 
? Brain was dissected on ice and weighed in a pre-weighed eppendorf tubes 
? Brain was homogenized in ice-cold phosphate buffer to get the concentration of about 
20mg/mL 
? Homogenates were transferred to centrifuge tubes and centrifuged at 4oC at 3000 rpm 
for 30minutes 
? Supernatants were removed and stored on ice if AChE was to be conducted within 6 
hours, otherwise stored at -80oC for analysis within 14 days.  
 
Preparation of reagents   
 
Phosphate buffer pH 8.0 and 7.0 
- Prepare 0.1M sodium phosphate dibasic 
- Adjust pH to required value with sodium phosphate monobasic 0.1M 
 
DTNB: 
 
 39.6 mg 5-dithiobis-2-nitrobenzoic acid will be dissolved in 10 ml pH 7.0 phosphate buffer 
(0.1 M) and 15 mg of sodium bicarbonate will be added The reagent was made up in buffer of 
pH 7 in which it was more stable than in that of pH 8. 
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Acethylthiocholine iodide 0.075 M 
 
Dissolve 21.67 mg of acetylthiocholine iodide 1ml of phosphate buffer pH 8.0. This solution 
should be made fresh for every assay. 
 
 
AChE assay 
 
 
To each well of 96-well micro plate, reagents were added following the order listed below: 
 
 
1. 75 µL of 0.1M phosphate buffer pH 8.0 
 
2. 25 µL of DTNB  
 
3. 25 µL of homogenate  
 
4. 25µL of the substrate (Acethylthiocholine iodide) 
 
 
Two blanks were included in each run. Phosphate buffer pH 8.0 were used instead of sample 
homogenates in blanks. 
 
Absorbance was read every 30 seconds for 10 minutes (totally 21 readings) using a 
spectrophotometer Thermo Scientific Multiskan Ascent® N3560. The slopes were calculated 
using linear regression. Enzyme activity were calculated as described by Ellman et al. (1961) 
with modification, briefly as follow 
 
 
 
 
 
Where, 
 
R = rate, in micro moles substrate hydrolyzed per minute per g of tissue 
∆A = change in absorbance per minute 
Co = original concentration of tissue (mg/mL) 
1.36(104) is the extinction coefficient of the yellow anion 
∆A 
1.36(104) 
1 
(25/150)Co 
R =
x 106 
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APPENDIX 4 
 
 ANALYTICAL PROCEDURE FOR PHOSPHORUS IN WATER 
 
 
1. Orthophosphate 
 
Sample storage:  
 
For total phosphorus, freeze sample at or below -10oC 
 
Reagents 
 
- Sulfuric acid solution, 5N: dilute 70mL conc. H2SO4 with water in 500mL volumetric 
flask. Cool down and bring to volume 
- Potassium antimonyl tartrate solution: 1.3715 g K(SbO)C4H4O6.1/2H2O in 400mL 
dist. water. Store on glass stoppered bottle 
- Ammonium molybdate solution: 20g (NH4)6 Mo7O24.4H2O in 500mL dist. water. Store 
in plastic bottle at 4oC 
- Ascorbic acid solution, 0.1M: 1.76g ascorbic acid in 100mL dist. water. Solution is 
stable for 1 week. 30mL can be frozen and stored for longer time. 
- Combine reagent: Mix above reagents to make 100mL combine reagent: 
+ 50mL 5N H2SO4 
+   5mL Potassium antimonyl tartrate solution 
+ 15mL Ammonium molybdate solution 
+ 30mL Ascorbic acid solution 
Mix at room temp. and follow the listed order. Stable for 4 hrs 
 
- Standard phosphate solution: 0.2195 g KH2PO4 (136 molecular wt; K=39; P=31) in 
1,000mL dist. water (1.00mL = 50 µg PO4-P as phosphorus). Make 5mg/L PO4-P by 
diluting 50mL first solution to 500mL with dist. water. 
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Procedure 
 
 
Glassware: rinse all glassware in 1:1 HCl solution, wash with detergent and tap water. Rinse 
several time with dist. water.  
Filter: soak glass fiber filters in dist. water for 24hrs (50 per 2 litters) and dry. 
Filtering samples: Using suction to filter 100 – 150mL of water sample. Measure 25mL of 
filtrate into 125-ml Erlenmeyer flask. 
 
Development and measurement of molybdenum blue: 
+ Add one drop phenolphthalein indicator to the sample 
+ If red colour, add 5N sulphuric acid dropwise to remove (one drop often sufficient) 
+ Add 4 mL combine reagent and mix 
+ Wait for at least 10 mins but no longer than 30 mins 
+ Measure colour using a Varian Cary50Bio UV Visible Spectrophotometer at 880nm against 
distilled water. 
 
Calibration graph:  
 
Use 5mg/L PO4-P to prepare phosphorus concentration solutions. For 1cm light path spectro, 
prepare as follows: 
PO4-P (mg/L) mL of 5mg/L PO4-P to dilute to 100mL 
0.00 0.00 
0.025 0.50 
0.05 1.00 
0.10 2.00 
0.25 5.00 
0.50 10.00 
 
Carry 25mL of phosphate solution through the phosphate determination and produce standard 
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curve 
2. Total phosphate 
 
 
Reagent 
 
- Reagents for orthophosphate determination: same as above 
- Phenolphthalein solution: 0.50 g phenolphthalein in 50mL of 95% ethanol and 50mL 
distilled water. Add 0.02 N NaOH dropwise to get faint pink color 
- Sulfuric acid solution: add 600mL dist. water into 1000 mL volumetric flask. 
Carefully pour 300mL conc. sulfuric acid and make to volume. 
- Potassium persulphate solution: 10g K2S2O8 in 200mL water. Prepare daily 
- NaOH solution: 80g NaOH in water to make 1000mL solution 
 
Procedure 
 
Samples are digested to reduce all phosphorus forms to orthophosphate and analysed as 
above procedure. 
 
- Mix water and take 50mL into 125 mL Erlenmeyer flask.  
- Add 1 drop phenolphthalein, if pink colour, remove by sulphuric acid solution with 
dropper. 
- Add 1mL sulphuric acid solution and 10mL potassium persulphate. 
- Cover flask with aluminium foil 
- Autoclave for 30mins at 15 – 20 psi (778mm to 1038 mm Hg) 
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Preparation of digestate for orthophosphate analysis: 
 
- Cooling digested sample 
- Add 1 drop phenolphthalein 
- Add NaOH solution to get faint pink colour 
- Transfer neutralized sample to 100mL volumetric flask and dilute to volume 
- Determine orthophosphate as above procedure.  
 
Carry 50mL dist. water through digestion, neutralization and dilution procedure to use as 
blank to zero the spectrophotometer 
 
Prepare standard solutions:  
  
PO4-P (mg/L) mL of 5mg/L PO4-P to dilute to 100mL 
0.00 0.00 
0.10 2.00 
0.20 4.00 
0.50 10.00 
1.00 20.00 
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APPENDIX 5: 
PROXIMATE COMPOSITION OF EXPERIMENTAL FISH 
 
Table A.5.1 Carcass mineral content of experimental Australian catfish fed with diets 
containing graded levels of SBM or CM as the substitute for dietary FM protein (Chapter 3), 
conducted at 24oC in 84 days 
 
 Elements 
 Cu Fe Zn Mn Mg Ca K 
Unit mg/kg live weight sample g/kg live weight sample 
Experiment 1       
Control 1.72 10.2 18.0 3.99 0.32 4.77 1.15 
SM15 1.47 8.6 17.3 3.06 0.28 3.86 1.29 
SM30 1.38 6.8 17.8 3.39 0.28 4.43 1.19 
SM45 1.27 7.3 15.1 2.39 0.26 3.87 1.27 
SM60 1.52 5.1 15.9 2.01 0.29 4.78 1.13 
Significance ( a)        
Linear N.S. N.S. N.S. N.S. N.S. N.S. N.S. 
Quadratic N.S. N.S. N.S. N.S. N.S. N.S. N.S. 
Experiment 2       
Control 3.45 8.78 12.9 2.53 0.28 2.78 1.26 
CM10 2.86 5.96 15.3 1.76 0.31 2.59 1.42 
CM20 2.70 5.74 16.1 1.78 0.30 2.70 1.34 
CM30 2.54 5.70 12.7 2.30 0.28 2.81 1.82 
Significance ( a)        
Linear N.S. N.S. N.S. N.S. N.S. N.S. N.S. 
Quadratic N.S. N.S. N.S. N.S. N.S. N.S. N.S. 
 
(a) Significance of the linear and quadratic contrasts of dependent variables across treatments 
N.S.: Not statistically significant (P ≥ 0.05) 
 
    
241
Table A.5.2 Proximate composition of the fish carcass of experimental Australian catfish after 
being fed diets containing graded levels of MBM or WG as a substitute for dietary fishmeal 
protein, conducted at 24oC in 84 days 
Nutrient composition as % live weight basis  
Protein Lipid Ash Phosphorus 
Control 12.3 6.62 2.01 0.36 
MM30 12.1 6.84 2.00 0.36 
MM45 12.0 7.25 1.83 0.35 
MM60 12.2 6.86 2.05 0.36 
S.E.M. 0.13 0.11 0.05 0.01 
Significance ( a)    
Linear N.S. N.S. N.S. N.S. 
Quadratic N.S. N.S. N.S. N.S. 
WG10 12.7 6.96 1.97 0.35 
WG20 11.9 7.25 1.87 0.32 
WG30 12.3 7.41 1.86 0.33 
S.E.M. 0.22 0.14 0.05 0.01 
Significance ( a)   
Linear N.S. N.S. N.S. N.S. 
Quadratic N.S. N.S. N.S. N.S. 
(a) Significance of the linear and quadratic contrasts of dependent variables across treatments 
N.S.: Not statistically significant (P ≥ 0.05) 
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Table A.5.3 Proximate composition in the carcass of Australian catfish fed with SBM diets 
supplemented with graded levels of phytase (Chapter 5), conducted at 24oC in 84 days 
Nutrient composition as % live weight basis  
Protein Lipid Ash P Ca 
Control 12.4 ± 0.7 5.61a ± 0.52 2.43 ± 0.03 0.46 ± 0.02 5.44 ± 0.24 
SM30 12.1 ± 0.3 6.19b ± 0.15 2.16 ± 0.00 0.37 ± 0.02 5.26 ± 0.42 
SM30P1 11.8 ± 0.2 5.92ab ± 0.22 2.10 ± 0.15 0.39 ± 0.02 4.46 ± 0.38 
SM30P2 11.3 ± 0.2 5.60a ± 0.11 2.14 ± 0.11 0.35 ± 0.01 4.46 ± 0.35 
SM30P3 12.3 ± 0.1 5.55a ± 0.39 2.31 ± 0.04 0.42 ± 0.02 4.77 ± 0.24 
Values are expressed as mean ± SE (n=6 samples for 3 replicate of each treatment); in the same columns, values 
indicated with same superscript are not significantly different (P > 0.05) 
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Table A.5.4 Trace elements content (mg/ kg live weight) in the carcass of Australian catfish 
fed with SBM diets supplemented with graded levels of phytase or other nutrients (Chapter 5), 
conducted at 24oC in 84 days  
Trace elements 
Treatments 
Cu Fe Zn Mn 
Experiment 1     
Control 1.65 ± 0.08 15.0 ± 1.99 18.3 ± 1.2 2.54 ± 0.59 
SM30 1.54 ± 0.14 15.4 ± 0.76 18.8 ± 2.9 3.31 ± 0.55 
SM30P1 1.58 ± 0.08 15.1 ± 1.91 21.4 ± 0.7 2.94 ± 0.41 
SM30P2 1.54 ± 0.11 12.4 ± 0.91 21.9 ± 1.2 2.51 ± 0.30 
SM30P3 1.49 ± 0.15 14.9 ± 1.77 18.1 ± 0.4 2.88 ± 0.07 
Experiment 2     
Control 1.78 ± 0.30 8.68 ± 0.62 15.7 ± 0.56 0.95 ± 0.07 
SM45 1.87 ± 0.16 10.2 ± 1.06 16.4 ± 0.94 1.15 ± 0.14 
SMPT 2.00 ± 0.12 7.52 ± 0.97 16.8 ± 0.52 1.25 ± 0.15 
SMPTA 1.42 ± 0.42 10.7 ± 1.21 14.9 ± 0.58 1.23 ± 0.27 
SMPA 1.32 ± 0.30 8.28 ± 0.47 17.4 ± 1.33 1.21 ± 0.28 
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Table A.5.5 Trace elements content (mg/ kg live weight) in the carcass of Australian catfish 
fed with phytase and nutrient supplemented CM diets, conducted at 24oC in 84 days 
Trace elements 
Treatments 
Cu Fe Zn Mn 
Experiment 1     
Control 1.65 ± 0.08 15.0 ± 1.99 18.3 ± 1.20 2.54 ± 0.59 
CM30 1.99 ± 0.28 15.2 ± 0.46 20.6 ± 1.12 3.28 ± 0.58 
CM30P1 1.84 ± 0.26 14.6 ± 0.81 19.7 ± 1.56 3.12 ± 0.61 
CM30P2 1.85 ± 0.07 14.1 ± 0.30 22.2 ± 1.61 2.62 ± 0.25 
CM30P3 1.97 ± 0.17 14.1 ± 0.15 16.1 ± 1.93 2.99 ± 0.51 
Experiment 2     
Control 1.94 ± 0.17 8.53 ± 0.34 15.6 ± 0.08 1.75 ± 0.29 
CM45 1.96 ± 0.15 9.69 ± 1.03 15.9 ± 0.37 1.72 ± 0.15 
CMPT 2.03 ± 0.38 7.78 ± 0.40 15.4 ± 1.12 1.63 ± 0.33 
CMPTA 1.89 ± 0.49 9.66 ± 0.34 16.1 ± 0.49 1.87 ± 0.42 
CMPA 1.81 ± 0.42 11.6 ± 2.35 18.0 ± 0.67 2.42 ± 2.16 
CMAA 2.09 ± 0.08 9.65 ± 1.19 15.3 ± 0.52 1.21 ± 0.05 
CMP 1.94 ± 0.02 9.41 ± 0.93 17.3 ± 1.24 1.92 ± 0.36 
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APPENDIX 6 
ANALYSIS OF AMMONIA AND NITRITE CONCENTRATION IN WATER 
 
AMMONIA 
 
Sample storage 
 
Add 0.8 mL conc. H2SO4/ L sample (pH 1.5 – 2) and store at 4oC. Neutralize sample before 
analysis 
 
Reagents 
 
Ammonia free distilled water: 
 
Pass dist. water through strong acid cation exchange resin (hydrogen form). Prepare fresh 
daily 
 
Oxidizing solution:  
 
Use household bleach (5% available chlorine).  
Mix 20mL of bleach with 80mL NH3 free water. 
Adjust to pH 6.5 – 7.0 with HCl solution (1:3 acid:water). Prepare every 4 – 5 days 
 
Phenate solution: 2.5 g NaOH and 10g phenol in 100mL dist. water. Prepare every 4 – 5 days 
 
Rochelle salt with manganous sulphate:  
 
- 50 g KNaC4H4O6.4H2O (Rochelle salt) in 100mL distilled water 
- Boil off 30mL of the solution to expel ammonia 
- Cool and add 50mg MnSO4.2H2O and dilute to 100mL. 
 
 
 
Standard ammonium chloride solution, 0.30mg/L of nitrogen 
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- Dissolve 1.9079 g of NH4Cl and dilute to 500mL (1000mg/L of total ammonia-
nitrogen) 
- Pipet 5mL of the above solution into 500mL vol. flask and dilute to vol. to make 
10mg/L ammonia-nitrogen solution. 
- Pipet 15mL of the 10mg/L solution into 500mL vol. flask and dilute to vol. to make 
0.30 mg/L ammonia-nitrogen solution. 
- The 0.30 and 10 mg/L solutions have to be made daily. The 1000mg/L solution can be 
used in several days. 
 
Procedure 
 
- Filter 25 – 50mL water sample through Whatman filter No. 42. No vacuum filter 
- Pipet 10 mL filtered sample into 50mL beaker and stir with magnetic stirrer 
- While stirring, add 1 drop Rochelle salt solution, 0.5mL oxidizing solution, 0.6 mL 
phenate solution 
- Remove from the stirrer and stand for 15 mins for colour development. Colour stable 
for several hours 
- Carry 10mL dist. water and 10 mL 0.30mg/L solution through the procedure with each 
set of samples. 
- Read the absorbance of standard and samples using a Varian Cary50Bio UV Visible 
Spectrophotometer at 630nm against reagent blank. 
 
 
 
 
 
 
 
 
 
 
 
 
    
247
 
NITRITE 
 
Sample storage 
 
Freeze sample at -20oC for 1 – 2 days 
 
Reagent 
 
Diazotizing reagent:  
 
Add 5g of sulphanilamide and 50mL of conc. HCl to 300mL dist. water in 500mL volumetric 
flask.  
Stir and dilute to volume 
 
Coupling reagent:  
 
- Dissolve 500mg of N-(1-naphthyl)-ethylenediamine dihydrochloride in 500mL of dist. 
water 
- Store in dark bottle out of light 
- Prepare every 2 – 4 weeks when it changes colour to dark brown 
 
Standard nitrite-nitrogen solution, 1.00mg/L 
 
- Dissolve 0.4925g of NaNO2 in 1000 mL of dist. water to make 100mg/L NO2-N 
solution 
- Pipet 10mL of above solution to 1000mL vol. flask and dilute to vol. to make 1mg/L 
NO2-N solution. 
- These solutions are deteriorate rapidly 
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Procedure 
 
Development and measurement of pink colour: 
 
- Filter sample through Whatman filter No. 42 
- Measure 50mL sample into 100mL beaker 
- Add 1mL diazotizing reagent, stir and wait for 2 – 4 mins for reaction 
- Add 1mL of coupling reagent and stir 
- Let stand for 10mins 
- Measure the pink colour with spectro at 543 nm against reagent blank 
- Calculate the nitrite nitrogen from calibration graph 
 
Calibration graph: 
 
Use the 1mg/L NO2-N to prepare standard solutions 
 
Nitrite nitrogen (mg/L) mL of 1mg/L NO2-N  to dilute to 100mL 
0.00 0.00 
0.02 2.00 
0.04 4.00 
0.06 6.00 
0.08 8.00 
0.10 10.00 
0.15 15.00 
0.20 20.00 
 
Standard solutions must be transfered to volumetric flask and add reagent to develop colour. 
Read pink colour with the spectrophotometer at 543 nm against 0.00 mg/L solution 
 
 
